第一原理を用いた太陽電池及び燃料電池に応用する無機ダブルペロブスカイトに関する研究 by Zhao  Shuai
First-Principles Study of Inorganic Double
Perovskites for the Application of Solar Cells
and Fuel Cells
著者 Zhao  Shuai
その他のタイトル 第一原理を用いた太陽電池及び燃料電池に応用する
無機ダブルペロブスカイトに関する研究
学位授与年度 平成28年度
学位授与番号 17104甲生工第280号
URL http://hdl.handle.net/10228/00006331
 
First–principles study of inorganic 
double perovskites for the application 
of solar cells and fuel cells 
 
 
In Partial Fulfillment of the Requirements  
for the Degree of Philosophy 
 
 
Author: ZHAO SHUAI 
 
Supervisor: Professor Tingli Ma 
 
Graduate School of Life Science and Systems Engineering 
Kyushu Institute of Technology 
 
Dec. 2016 
  
  
2	
	
Abstract	
Recently, perovskite materials have attracted much attention in the application of renewable 
energy. For instance, the hybrid of inorganic–organic lead halide perovskite has been regarded as 
the most promising light–harvesting material for next generation solar cells. On the other hand, 
the transition metal (TM) oxide perovskites have also been studied extensively as electrodes of 
fuel cells and lithium–air batteries. Several issues are needed to solve, such as the lead pollution 
of PSCs and the high working temperature of SOFCs to realize the commercialization of 
perovskite solar cells (PSCs) and solid oxide fuel cells (SOFCs). Therefore, this thesis focuses on 
the theoretical studies of a series of inorganic double perovskites as the PSCs absorbers and the 
SOFCs electrodes. 
In chapter 1, the structural and electronic properties of perovskite materials are briefly 
introduced. The working principles of PSCs and SOFCs are described. The previous theoretical 
studies are also reviewed. In the end of this chapter, the motivation of this thesis is presented.  
In chapter 2, the theoretical backgrounds and simulation approach are briefly summarized, 
including the density functional theory (DFT), on–site coulomb potential correction method, 
optical calculation method, and climbing–image nudged elastic band method. 
In chapter 3, the electronic and optical properties of the double halide perovskites 
Cs2NaBX6 (B = Sb, Bi; X = Cl, Br, I) are studied to evaluate the potential application of solar 
energy conversion. The calculated results revealed that the inorganic double iodide perovskites, 
Cs2NaSbI6 and Cs2NaBiI6, have suitable bandgaps of 1.65 eV and 1.68 eV, suggesting the 
potential application as the visible–light absorber of perovskite solar cells.  
In chapter 4, the electronic and optical properties of Mo–based double oxide perovskites 
Sr2BMoO6 (B = Mg, Ca, and Zn) are studied by first–principles calculations. The electronic band 
structures demonstrate that these double perovskites are semiconductor. The alkaline metals (Mg 
and Ca) doped double perovskites have direct bandgaps, while the Zn–doped double perovskite 
exhibits the indirect bandgap. B–site substation significantly influence the electronic and optical 
properties of perovskites, which can be a useful approach to design novel absorbers of perovskite 
solar cells. 
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In chapter 5, the Mo–based double oxide perovskites Sr2BMoO6 (B = Mg, Cr, Co and Ni) 
are studied with the primary focus on the mixed ionic and electronic conductivity. The effects of 
substituted elements on the vacancy formation and migration are analyzed from the calculated 
ground states energy. Co–substituted double perovskite is predicted to possess the best oxygen 
ionic conductivity among these Mo–based double perovskites. According to the calculated 
charge density, the substituted cations (e.g., Mg2+, Cr3+, Co2+, and Ni2+) accommodate the 
additional electrons released from oxygen vacancy, which plays an important role in the oxygen 
ionic conductivity in these double oxide perovskites. 
In chapter 6, the theoretical investigation of transition metal oxide perovskites Sr2TixFe2–
xO6−δ (x = 0.5, 1, 1.5) are investigated by first–principles calculations. The calculated formation 
energy of oxygen vacancy demonstrates the high concentration of oxygen vacancy. The electrons 
released from the oxygen vacancy tend to reorganize onto the 3d orbital of Fe cations through the 
weak covalent Fe–O and Ti–O bonds. Given the electronic configuration of Fe cations, this 
itineracy of leftover electrons facilitates to the oxygen ions conductivity in these perovskites. 
These results reveal the influence of Fe–O and Ti–O bonds on the oxygen vacancy formation and 
migration in these perovskites, which provide theoretical information for exploring new 
electrode materials of solid oxide fuel cells. 
In the final chapter 7, the general conclusions and future prospect are described. The 
electronic properties and oxygen ionic conductivity of transition metal oxide double perovskites 
were studied by the first–principles calculation method. For the future study, the activity energy 
of oxygen evaluation and reduction reactions should be simulated at the surface of electrode 
materials. Combined with the ions diffusion properties in the bulk of electrodes, the simulation 
method will provide a comprehensive theoretical guide for the development of perovskite 
materials.   
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Chapter 1. General introduction 
 
During the past century, fossil fuels (coal, petroleum, natural gas, etc.) have contributed 
significantly to the benefit of mankind. However, the utilization of fossil fuels caused a lot of 
ecological problems, e.g., global warming and atmospheric pollution. With the increasing 
demand of energy, we are inevitably confronting with the depletion of reserves of conventional 
fossil fuels. Therefore, exploring the novel renewable energy source has become increasingly 
significant to achieve a sustainable future for human society. Perovskite materials have attracted 
much attention in the application of renewable energy field [1–3]. Organometal halide 
perovskites have greatly improved the emerging photovoltaic (PV) technology with the high 
power conversion efficiency (PCE) [4]. On the other hand, transition metal (TM) oxide 
perovskites are extensively studied as the promising electrode materials to lowering the operation 
temperature of solid oxide fuel cells (SOFCs) [5]. In order to further improve the performance of 
these energy devices, a comprehensive understanding from the Quantum Mechanics analysis 
becomes necessary. This introduction will provide a brief overview of perovskite materials, and 
their application in perovskite solar cells (PSCs) and SOFCs. 
 
1.1 Perovskite materials 
The perovskite refers commonly to a general group of compounds with the chemical formula 
ABX3 [6]. In the perovskite lattice, the A–site element can be either alkali cations A+ (K+, Rb+, 
Cs+, etc.), alkaline cations A2+ (Ca2+, Sr2+, Ba2+, etc.), lanthanois A3+ (La3+, Pr3+, etc.), or organic 
group (NH4+, CH3NH3+ (MA), CH2CH=NH2+ (FA), etc.); the B–site element can be TM cations 
(Nb5+, Ti4+, Fe3+, Co3+, etc.), or other metals (Pb2+, Sn2+, Bi3+), which have a coordination 
number of six; and the X–site element is usually the chalcogen or halogen (O2–, S2–, I–, etc.). The 
B–site cation combined with six X–site anions construct the octahedron, and A–site cation 
occupies the center of the dodecahedra creating by eight octahedron as displayed in Figure 1.1.  
In general, the perovskite shows the cubic structure with the three–dimensional (3D) 
corner–sharing octahedron. To keep the 3D corner–sharing structure, the ionic radii of A–, B–, 
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and X–site elements should meet the Goldschmidt tolerance factor (t). The tolerance factor t is 
generally described as following: 
)(2
)(
XB
XA
rr
rrt
+
+
=      (1–1) 
where rA, rB and rX are the ionic radius of A–, B–, X–site elements. In most of the cases, the 
tolerance factor of stable perovskite materials is in the range from 0.75 to 1. If the tolerance 
factor is higher than 1, it means that the A–site cation is too large and the B–site cation is too 
small. Under this circumstance, the distance of two adjacent B–site cations is too long to share 
one X–site anion. If the tolerance factor is smaller than 0.75, it suggests that the A– and B–site 
cations have the very close ionic radii. In this case, the A–site cation is too small to sustain the 
dodecahedra and the 3D corner–sharing octahedral structure will be collapsed to other structure 
[7]. 
 
 
 
Figure 1.1. Schematic diagrams of perovskite structure materials. (a) The inorganic oxide 
perovskite SrTiO3, (b) inorganic–organic hybrid lead iodide perovskite CH3NH3PbI3. 
 
 
The abundance of the chemical element choice allows perovskites to exhibit different 
electronic properties. For examples, the oxide perovskites can be insulators (e.g., PbZrxTi1–xO3), 
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semiconductors (e.g., MAPbI3 or SrTiO3), or conductors (e.g., SrMoO3). Previous investigations 
demonstrated that the electronic properties of perovskites are determined predominately by B–
site cations and X–site anions [8]. Taking the MAPbI3 as an example, upper valence bands are 
composed of the antibonding interaction between Pb 6s and I 5p orbitals, and lower conduction 
bands are mainly comprised of the Pb 6p orbital with minor contribution from the I 5s orbital [9]. 
For the oxide perovskite SrMoO3, Mo 3d with O 2p orbitals cross the Fermi energy level (EF) in 
the electronic structure [10]. Therefore, we can substitute B–site cations to modify the electronic 
properties of perovskites and then enhance the performance of the energy devices. 
 
 
Figure 1.2. Charge density plots of (a) valence bands maximum (VBM) and (b) conduction 
bands minimum (CBM) for MAPbI3 at the R point in the Brillion zone [11]. 
 
 
1.2 Organometal halide perovskite solar cells 
Organometal halide perovskites were firstly employed as the visible–light sensitizers of solar 
cells by Miyasaka et al. in the early of 2009 [12]. The solar cells based on mesoporous TiO2 
photoanodes sensitized with MAPbI3 particles achieved a power conversion efficiency (PCE) of 
3.81% for triiodide and 3.13% for the tribromide. From 2012, researchers (Grätzel, Park, and co–
works) began to use the solid hole transport materials (e.g., spiro–MeOTAD) to replace the 
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liquid electrolyte. From then, the PSCs started the breakthrough progress [13]. Up to date, the 
certificated highest PCE of the PSCs has been 22.1% on the efficiencies chart of national 
renewable energy lab (NREL) website, which is already at par with the mature thin–film solar 
cells based on CdTe or Cu(In,Ga)Se2 [14]. In addition to the high PCE, the PSCs can be 
fabricated by various low–cost methods and earth–abundant elements [15]. Therefore, the PSCs 
have been regarded as the most promising candidate for the next generation PV technology. 
The typical structure of PSCs and working mechanism are shown in Figure 1.3. The 
perovskite crystallize on the surface of the mesoporous TiO2 layer. The perovskite absorbs the 
photon energy to generate a photon–excited electron in the conduction band and an associated 
hole in the valence band. As the conduction band minimum (CBM) of the TiO2 is lower than that 
of the perovskite, the excited electron will inject from the high CBM of the perovskite to the low 
CBM of TiO2. The TiO2 plays a role of the electron collection, and conducts the collected 
electrons to the electrode (e.g., fluorine–doped tin oxide). On the other hand, the associated hole 
will migrate from the perovskite to the hole transport material (HTM) due to the various energy 
levels of the valence band maximum (VBM). Finally, the excited electron transport through the 
external electric circuit to recombine with the hole at the interface of HTM with the back contact 
(e.g., Au).  
 
 
Figure 1.3. A typical device structure and working principle of the perovskite solar cells. 
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Although PSCs have achieved a great success, there are still several challenging issues, 
which impede the widespread application. Because the high PCEs are mainly obtained based on 
the methylammonium lead iodide perovskites, one inescapable issue is the risk of Pb leakage for 
the long term usage, which is of great environmental concern [16–18]. Moreover, in order to 
further decrease the cost, the PSCs device is expected to be used as long as possible. The halide 
salts of organometal halide perovskites, however, are not stable in the presence of moisture [19]. 
Therefore, it is significant to explore novel stable and ecofriendly perovskite materials.  
The PCE (η) of PSCs is usually determined by the following formula [20]: 
in
OCSC
P
FFVJ ××
=η      (1–2) 
where FF means the fill factor, VOC stands for the open–circuit voltage, JSC denotes the short–
circuit current density, and Pin represents the total incident power density. We can see that 
increasing the FF, JSC and VOC could enhance the PSCs device efficiency. The JSC is related to 
the absorption efficiency of the absorber. The absorption threshold of the photon wavelength λ is 
a function of the bandgap (Eg): 
)(
24.1)(
eVE
m
g
=µλ      (1–3) 
We can see that a small bandgap of the absorber is conducive to obtain a high JSC by 
absorbing the broad light spectrum. On the other hand, we can note that the VOC is	originated 
from the difference of the energy levels between the CBM of the electron transport material 
(ETM) with the VBM of the hole transfer material (HTM), which is finally influenced by the 
bandgap of the absorber (e.g., CH3NH3PbI3). Therefore, to obtain a satisfied efficiency, the 
absorber of PSCs should be a semiconductor with a bandgap between 1.1 ~ 1.6 eV (e.g., 1.56 eV 
of CH3NH3PbI3 and 1.42 eV of GaAs) [21–23]. 
 
1.3 Solid oxide fuel cells 
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The SOFCs device is a promising renewable electrochemical power source. The SOFCs generate 
electrical power from a wide array of flexible gaseous fuels (H2, CH4, etc.), and usually have 
high energy density and recharge rate. A typical SOFCs is usually composed of three parts: 
anode, electrolyte, and cathode, which is displayed in Figure 1.4 [24]. The gaseous fuel can be 
oxidized at the surface of the anode following the reaction: 
H2 + O2– = H2O + 2e–     (1–4) 
which provides the electric power for the external electric circuit. Meanwhile, the oxygen 
molecular will be reduced at the surface of the cathode. These oxygen reduction and oxygen 
evolution reactions are the fountain of the SOFCs device, but they happen at the two different 
electrodes. The linkage of these two reactions is the oxygen ions, which diffuse from the cathode 
to the anode throughout the interior of SOFCs. Thus, the diffusion rate of oxygen ions in the 
electrode materials is a critical factor for the performance of SOFCs. 
 
 
Figure 1.4. The functional diagram of the SOFCs. 
 
Currently, the biggest problem of SOFCs is the high working temperature, typically 
between 900 ~ 1200 oC [25]. The high temperature will arouse the premature aging of the 
electrode material, which impedes the durability and reliability of the SOFCs device. Directly 
decreasing the operating temperature will affect the oxygen ions diffusion. To avoid this 
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situation, it is necessary to develop new electrode materials with high kinetics in the 
intermediate–temperature (IT) or lower range (500 ~ 800 oC or lower).  
Traditional electrode materials are commonly poor ionic conductor [26]. The oxygen 
reduction and evaluation reaction (ORR and OER) can occur only at the triple phase boundary 
(TPB) as depicted in Figure 1.5(a). Recently, TM oxide perovskites, e.g., Sr2FeMoO6 (SFMO), 
have been investigated as the electrode materials of SOFCs [27–29]. These TM oxide 
perovskites usually exhibit the mixed ionic and electronic conductivity (MIEC) and high stability 
at the working temperature of SOFCs [30–39]. The excellent ionic conductivity extends the 
oxygen ions diffusion into the bulk of the electrode material as shown in Figure 1.5(b), which 
considerably improves the electrochemical performance of the SOFCs device. 
 
 
Figure 1.5. (a) ORR occurs at the triple phase boundary of the traditional electrode; (b) ORR 
occurs at the surface of the mixed ionic and electronic conductor electrode. 
 
In perovskites, the ionic conductivity mainly refers to the oxygen ions diffusion. Owing 
to the large size of oxygen ions, the interstitial oxygen defect is not easy to form in perovskites. 
Thus, the oxygen ions diffusion can be investigated according to the vacancy–hopping 
mechanism [40]. The oxygen ion will jump to the adjacent vacant oxygen site in case of gaining 
the active energy. The self–diffusion coefficient (D) in perovskites can be described as: 
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D = CV·DO      (1–5) 
where CV is the vacancy concentration and DO denotes the oxygen diffusion coefficient. The 
oxygen vacancy concentration is determined by the formation energy (Eform), and the diffusion 
coefficient is governed by the migration energy barrier (Ebarrier). 
Tk
E
O
B
barrier
eAD ⋅
−
⋅=      (1–6) 
where A is a preexponential factor, kB refers to the Boltzmann constant, and T means the 
temperature. We can see that the Eform and Ebarrier are the two important factors for the oxygen 
ions diffusion in perovskites. 
 
1.4 Simulation in the material research 
The first–principles calculation based on the density functional theory (DFT) is a widely–used 
modeling method to study and design novel functional materials. By employing the first–
principles method, we can analyze the ground state energy, electronic bandgap, the component of 
valence and conduction bands, and so on. This knowledge from the electronic perspective 
provides useful theoretical insight into the investigation of materials.  
 
 
Figure 1.6. DFT calculated (a) band structure and (b) density of states for MAPbI3 [21]. 
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Previous DFT calculations revealed that for the electronic structure of CH3NH3PbI3 both 
the VBM and CBM appear at the R point in the Brillion zone, indicating the direct type of 
bandgap [41]. The sharp dispersion at the upper valence bands indicates the high mobility of the 
holes, which shows the overriding virtue of lead iodide perovskite. Due to the deep energy level 
of outer shell electrons, the C, N, and H of the organic part are not active for the band structure 
near the EF [21]. However, Rappe et al. studied the bulk PV effect by DFT and found that the 
organic molecular orientations of methylamine strongly influence the magnitude of the shift 
current response in the hybrid halide perovskite [42]. De Angelis et al. study the perovskite/water 
interaction by employing the DFT method [43,44]. The molecular dynamic simulation revealed 
that the release of I– ions is driven by the interaction of water molecules with Pb atoms. In 
addition, DFT simulations predicted a series of lead–free materials as the absorber of solar cells 
[33–38]. Walsh et al. studied the bismuth oxyhalides (BiOF, BiOCl, BiOBr and BiOI) [47] and 
sulfur iodides (BiSI and BiSeI) [49]. Their theoretical calculations found that the band 
misalignment is likely the source of the poor efficiency of solar cells based on these materials (as 
presented in Figure 1.7), and suggested that alternating the device architecture maybe a feasible 
strategy to improve the power conversion efficiency. 
 
 
Figure 1.7. Calculated band alignment of bismuth compounds [47,49]. 
 
The theoretical simulation has also been used to study the ORR and OER processes, and 
ionic diffusion (H+ or O2–) properties in SOFCs [28,51–62]. Dawson et al. studied the hydration 
ability and H+ conduction in the promising electrolyte Ba(ZrSnY)O3 (BZSY) of SOFCs [54]. 
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Carter et al. investigated the electronic and oxygen deficient properties of SFMO by theoretical 
calculation, demonstrating that the SFMO is an excellent MIEC electrode [27,63]. Shao et al. 
theoretically studied the electronic conductivity, defect physics, and oxygen ion transport 
properties of B–site cation doping of SrCoO3, suggesting that B–site doping of SrCoO3 with 
redox–inactive cation is a feasible strategy to develop the cathode material of SOFCs [64]. 
 
1.5 Objectives of this work and the organization 
To sum up, perovskite materials have exhibited the potential in the application of solar cells and 
SOFCs. However, there are still several issues that are needed to be solved. For example, in 
order to promote the widespread application of PSCs, the toxic lead are better to be replaced. On 
the other hand, exploring novel electrode materials with high electronic and ionic conductivities 
is significant to lower the working temperature of SOFCs. The DFT method based on Quantum 
Mechanics could calculate the electronic properties of materials without any experimental 
parameters, which is useful for the design of materials. In this thesis, a series of double 
perovskites were studied by using first–principles calculation based on the DFT, suggesting the 
potential application of renewable energy devices. 
Following this general introduction, the theoretical background related to the DFT 
method is introduced in chapter 2. The chapter 3 presents the investigation of the electronic and 
optical of double halide perovskites Cs2NaBX6 (B = Sb, Bi; X = Cl, Br, I). The electronic and 
optical properties of TM oxide perovskites Sr2BMoO6 (B = Mg, Ca, and Zn) are investigated in 
chapter 4. The oxygen conductivity are studied in terms of two factors, i.e., vacancy formation 
energy and migration energy barrier, for the perovskites Sr2BMoO6 (B = Mg, Cr, Co, Ni) and 
Sr2TixFe2–xO6 (x = 0.5, 1, 1.5), which are presented in chapters 5 and 6, respectively. In the final 
chapter 7, the general conclusion and future prospect are described for this thesis. 
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Chapter 2. Theoretical background 
 
Theoretical simulation has been widely used to study materials. There are two common 
simulation methods. One is the molecular mechanics method, and the other is the electronic 
structure method. The former molecular mechanics method is developed based on laws of 
classical physics. The potential energy of all systems is calculated using different force fields. 
The molecular mechanics method could simulate the atomic system with thousands to millions 
of atoms. However, the molecular mechanics cannot predict the intrinsic electronic properties of 
materials.  
The electronic structure methods are mainly developed based on laws of Quantum 
Mechanics (e.g., the Schrodinger wave equation). Due to the complex of the wave equation, the 
exact solution is impossible especially for the complex atomic system. Therefore, several 
mathematical approximations are proposed for the electronic structure methods. On the basis of 
initial conditions, the electronic structure methods can be classified as the semi–empirical 
method and ab–initio method (known as the first–principles method in physics). The semi–
empirical method needs low computation cost, but it has to use experimental results as the 
initialization parameters. The ab–initio method could predict accurate results without any 
experimental parameters as the initial condition. A famous approximation of the ab–initio 
method is the density function theory which will briefly introduced as followed. 
 
2.1 Density functional theory 
The density functional theory is a popular modelling method to study the atoms, molecules, and 
condensed mater from the perspective of Quantum Mechanics [65]. The basic idea of DFT is to 
use the electronic density functional of the whole space to replace the coordinate of the single 
atom. This transition significantly reduce the variable of the Quantum system, and bring the 
Quantum analysis in practice. 
Specifically, for a many–body system the stationary ground state ought to satisfy the 
time–independent Schrödinger equation: 
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Ψ=Ψ EHˆ       (2–1) 
where Hˆ  is the Hamiltonian, E refers to the total energy, and Ψ  is the wavefunction. 
According to the Born–Oppenheimer approximation, the nuclei of the atom are treated to be 
fixed due to the exceedingly large mass compared to the electron. In this case, the Hamiltonian 
can be described as: 
∑∑∑
<
++∇−=
N
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i
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2
(ˆ 2
2 !!!"    (2–2) 
where N is the electron number, V stands for the potential energy, and U denotes the electron–
electron interaction energy. 
We can find here that the problem is the large election number N. Taking the silicon as an 
example, one Si atom has 14 electrons, and each electron needs 3 coordinates (i.e., x, y, z). To 
describe the atomic alignment in the silicon crystal (with a space group of Fd3m), we need at 
least two Si atoms to construct the unit cell. In this case, the coordinate number required for this 
unit cell is 108 (= 14 x 3 x 2). It would be huge computational effort for solving this equation 
system with 108 variables. The DFT method here provides an appealing alternative, i.e., 
replacing the electron space coordinate ir
!  by the electron density n( ir
! ). This transition decreases 
the large number of space coordinate to three n( xr
! ), n( yr
! ), and n( zr
! ), which makes the solution 
of the wavefunction equation system to be possible. 
In addition, for further simplification, the electron in the many–body system can be 
regarded as two groups: inner core electrons and outer electrons. As the inner electrons are 
strongly bound to the nuclei, they have much deep energy level, and are not interacted with other 
atoms. The outer electrons play a significant role in the chemical binding, which can be regarded 
as the valence electrons. Therefore, it is sensible to treat the inner electrons with the nuclei as a 
whole. The new nuclei potential can be generated from this combination, which is named as 
pseudo–potential. 
Although the introduction of electron density greatly saves the computing cost, 
generating an exact density functional becomes a new problem for the exchange and correction 
of elections with ions. In order to enhance the accuracy of DFT, the exchange and correction 
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interactions were introduced from 1990s. The common approximation of this exchange and 
correction for the free electron gas is the local–density approximation (LDA). The LDA method 
assumes the charge density to be equivalent in the considering space just like the free electron 
gas. However, for the space near the nuclei the charge density will change significantly in the 
crystal. To correct this problem, a gradient of the charge density was introduced for describing 
the charge density. This approximation is referred to the generalized gradient approximation 
(GGA).  
In this thesis, all calculations were implemented in the open source DFT simulation 
package Quantum ESPRESSO. The GGA exchange/correction approximation was used for the 
exchange and correction of electrons. The detailed computational parameters (pseudo–potential 
choice, energy cutoff, and so on) will presented in the following chapters. 
 
2.2 On–site Coulomb potential correction 
Although the DFT has been constantly improved since it was proposed, the DFT method usually 
inaccurately predict the electronic properties for TM oxides because of the interaction of the 
localized open–shell d orbital electrons. Up to now, there are three methods to improve the 
accuracy for TM oxides, i.e., on–site Hubbard potential, Hybrid functional, and GW 
approximation. Due to the time consuming of the latter two methods, only the on–site Hubbard 
potential correction was used in this work. 
The pure DFT just takes into account the interaction between electrons with the potential, 
and neglects the interaction between electrons [66,67]. For the TM, this interaction becomes 
especially important because of the open–shell characteristic of d orbital. The Hubbard model 
deals with this matter by adding two descriptions in the Hamiltonian. One is the kinetic energy of 
electrons hopping between atoms, and the other is a potential energy arising from the charges on 
the electrons. This model arises an additional Coulomb repulsion to describe the d orbital 
electrons, which significantly improves the accuracy of the DFT calculation. In this work, I 
employed the on–site Hubbard potential method for describing the 3d electrons of Ti, Cr, Fe, Co, 
Ni, and Zn in the double oxide perovskites. 
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2.3 Calculation method of optical properties 
The complex dielectric function ε(ω) describes the optical response between occupied and 
unoccupied orbitals. The imaginary part εi(ω) deals with the empty states of the electronic 
structure, indicating the absorptive behavior. Therefore, the optical property of materials can be 
simply estimated from the complex dielectric function ε(ω). Based on this, the optical constants, 
including the refractive n(ω) and extinction indices k(ω), optical conductivity σ(ω), reflectivity 
R(ω), and absorption coefficient α(ω), can be calculated using the following relations [68,69]: 
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where λ and ω represent the wavelength and frequency of the incident light, respectively. 
 
2.4 Climbing–image nudged elastic band method 
The nudged elastic band (NEB) is a commonly theoretical method to study the properties of the 
transition states [70–73]. The NEB computes the energy by inserting a number of images 
between the initial and final states, and then obtains the minimum energy paths (MEP). For the 
optimized MPE, all images have the lowest energy state. In order to avoid the local optimum, the 
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climbing image (CI) method with a spring force is usually used for finding of saddle points. The 
spring force maximizes the energy along the tangent of energy contour, and minimizes the 
energy along other directions, which is conductive to be close to the energy saddle point. In this 
work, the CINEB method was used to optimize the oxygen ions diffusion pathways in the TM 
oxide perovskites Sr2BMoO6 (B = Mg, Cr, Co, Ni) and Sr2TixFe2–xO6 (x = 0.5, 1, 1.5). The 
simulation threshold of energy variation is set to 0.05 eV/Å for all MEP optimizations (i.e., the 
simulation stops when the error of the force orthogonal to the path is less than this threshold). 
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Chapter 3. Theoretical study of electronic and optical 
properties of lead–free double perovskites Cs2NaBX6 (B = Sb 
and Bi; X = Cl, Br and I) 
 
3.1 Introduction 
As stated in chapter 1, replacing the toxic Pb by ecofriendly elements is the biggest challenge in 
the investigation of PSCs. Several nontoxic cations have been proposed as the alternative of Pb 
in the inorganic–organic lead halide perovskite to eliminate or minimize the risk of 
contamination [74–76]. The Sn–based PSCs, employed the tin iodide perovskite CH3NH3SnI3 as 
the absorber, have reached a notable PCE of 6% [77]. Although Sn is nontoxic, tin triiodide 
perovskites suffer from the oxidation of Sn2+, which impairs its practical application [78].  
Currently, bismuth–based materials are gradually attracting attention in the optoelectronic 
application [79,80]. As two adjacent elements on the periodic table, bismuth and lead have the 
similar electronic configuration of 5d106s26p0 for their stable ions. A series of bismuth halide 
compounds have been studied for the application of optoelectronics, such as BiI3, BiIX (X = S 
and Se) and A3Bi2I9 (A = K, Rb, Cs, CH3NH3 or NH4) [58–60]. The structure of these materials, 
however, is commonly different from the 3D corner–sharing octahedral perovskite. Given the 
different valence states, it is impracticable to directly replace the lead by bismuth meanwhile 
satisfy the total charge neutrality. The anion–splitting method has been proposed to keep the 
charge neutrality, e.g., replacing one I by S or Se (e.g., MABiI2S or MABiI2Se) to offset the 
valence state [84]. Likewise, it is feasible to keep the total charge neutrality by substituting the 
B–site Pb2+ with the combination of half trivalent Bi3+ with half monovalent cation. For instance, 
the B–site Ag+/Bi3+ double perovskites Cs2AgBiX6 (X = Cl, Br) have been investigated by 
experiments as novel lead–free visible–light harvesting materials [50,85,86]. The electronic 
structures of Cs2B′B′′X6 (B′ = Cu, Ag, Au; B′′ =Bi, Sb; X = Cl, Br, I) have been comprehensively 
studied by theoretical calculations [87]. Although these materials show potential in PV 
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application, replacement of the noble metals (e.g., Ag) is still significant to the further 
investigation and application.  
In consideration of the ionic radius, the Na+ (116 pm) is closer to Bi3+ (117 pm) than Ag+ 
(129 pm) [88]. The double perovskite Cs2NaBiCl6 has been studied since the 1970s focusing on 
the ferroelectric phase–transition property [89,90]. The optoelectronic properties of the 
Na+/Bi3+ double perovskites are still not available from both theoretical and experimental. In 
this chapter, the electronic and optical properties of double perovskites Cs2NaBX6 (B = Sb, Bi; X 
= Cl, Br, I) were investigated by using the first–principles calculation based on the DFT. In 
addition to electronic properties, the photocarriers effective mass and absorption coefficient were 
also calculated, which suggest the potential optoelectronic application of these lead–free double 
halide perovskites. 
 
3.2 Computational details 
The Quantum ESPRESSO software package was employed for all DFT calculations with the 
projector–augmented wave (PAW) approach [91,92]. The GGA functional was used to describe 
the exchange correlation effects [93]. The election–ion interactions were described by scalar 
relativistic ultra–soft pseudopotentials. Considering the relativistic effects of heavier metals, the 
fully relativistic ultrasoft pseudopotentials with spin–orbit coupling (SOC) effects were used to 
accurately predict the electronic properties. A plane wave cutoff of 40 Ry was used for the 
expansion of the wave functions. The 4 x 4 x 4 Monkhorst grid in the Brillouin zone was 
employed for the fully relativistic calculation. All the supercells investigated in this chapter were 
fully relaxed until the cell stresses were less than 10–4 Ry/bohr3 and the residual forces	on each 
atomic site were less than 10–3 Ry/bohr. The crystal structural diagrams of these double 
perovskites are displayed in Figure 3.1, which were created by the VESTA program [89]. 
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Figure 3.1. Schematic diagrams of (a) primitive and (b) orthonormal cells for lead–free double 
halide perovskites Cs2NaBX6 (B = Sb, Bi; X = Cl, Br, I) with the B–site rock–salt ordering. 
 
3.3 Results and Discussion 
3.3.1 Structural properties of Cs2NaBX6 (B = Sb, Bi; X = Cl, Br, I) 
Starting from the experimental lattice parameters of Cs2NaBiCl6 (space group Fm3m), we fully 
optimized the lattice parameters for all these double perovskites, which are listed in Table 3.1. 
Compared with the measured value of Cs2NaBiCl6, we can see that the GGA method exhibits 
excellent prediction accuracy for all these double perovskites. With the substitution of Cl by Br 
and I, the optimized lattice constants show extensions with the proportion of 2.82% for 
Cs2NaBiBr6 and 6.62% for Cs2NaBiI6. For the case of Sb–based double perovskites, the GGA 
results predicted smaller lattice constants compared with the corresponding Bi–based compounds. 
Moreover, the lattice constants of Sb–based double perovskites show the similar increasing 
tendency in order of X = Cl, Br and I. 
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Table 3.1. Calculated lattice constants and bandgaps for double halide perovskites Cs2NaBX6 (B 
= Sb and Bi; X = Cl, Br and I). 
 a (Å) 
Bandgap (eV) 
scalar relativistic fully relativistic 
Cs2NaSbCl6 10.639 3.13 2.96 
Cs2NaSbBr6 10.925 2.54 2.37 
Cs2NaSbI6 11.307 1.90 1.65 
Cs2NaBiCl6 10.719 
10.839a 
3.73 2.86 
Cs2NaBiBr6 11.021 3.07 2.40 
Cs2NaBiI6 11.429 2.23 1.68 
a the experimental lattice constant of Cs2NaBiCl6 is derived from the previous literature [89]. 
 
3.3.2 Electronic and optical properties of Cs2NaBX6 (B = Sb, Bi; X = Cl, Br, I) 
The electronic band dispersions were calculated by scalar and fully relativistic GGA 
pseudopotentials, which are shown in Figure 3.2. These double perovskite compounds were 
predicted to be of indirect gap, which are analogous to the Cs2AgBiX6 (X = Cl, Br) [87]. The 
CBMs were predicted to appear at the X point in the Brillouin zone at the GGA level. While the 
VBMs of these materials exhibit different features. The VBMs were found to be at the W point 
for all double perovskites apart from the Cs2NaBiI6 whose VBM is at the Г point with a small 
energy disparity (0.017 eV). The significant degeneration of valence bands for the Cs2NaBiI6 
results into the shift of the VBM from W to K points. Moreover, all these double perovskites 
have a very flat dispersion for the valence bands energy from W and K points, which is different 
from the TM+/Bi3+ (TM = Cu, Ag, Au) double perovskites. The calculated bandgap values are 
also presented in Table 3.1. We can see that the iodide perovskites (Cs2NaSbI6 and Cs2NaBiI6) 
have the smallest gap values, which are comparable with that of Cs2AgBiBr6 (1.95 eV or 2.19 eV 
by measurement and 2.06 eV by HSE calculation) [85]. 
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Figure 3.2. Scaler relativistic (blue lines) and fully relativistic (red lines) electronic band 
structures of Cs2NaBX6 (B = Sb and Bi; X = Cl, Br and I). The Fermi energy is set to 0 eV. 
 
As these double perovskites contain high atomic number elements, it is reasonable to 
consider the SOC effects on the electronic structure calculations. The fully relativistic band 
structures were investigated by employing the primitive supercells. It can be found that the GGA 
with the treatment of SOC effects reduced the electronic bandgaps for all these materials, similar 
to the lead halide perovskite or other bismuth halide compounds. The GGA+SOC band 
structures are also plotted in Figure 3.2. The valence bands of Cs2NaSbI6 were less affected by 
the relativistic effects, but the lower conduction bands shift downward obviously, resulting into 
the reduction of the indirect bandgap to 1.65 eV. For the case of Cs2NaBiI6, the relativistic 
effects influenced both the upper valence and lower conduction bands. The VBM of Cs2NaBiI6 
was still located at the Г point but the valence bands decreased apparently at the K point. More 
significant influence of the relativistic effects occurred on the lower conduction bands where the 
conduction bands split in two parts. In addition, the lowest conduction band exhibited a band–
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splitting at the Г point due to the SOC effects. This lead to a direct bandgap of 1.71 eV at the Г 
point, which is only slightly larger than the indirect value of 1.68 eV. 
 
 
Figure 3.3. Fully relativistic projected density of states for Cs2NaBI6 (B = Sb, Bi). 
 
In order to investigate the bands composition, the partial density of states (DOS) of 
Cs2NaSbI6 and Cs2NaSbI6 were calculated by fully relativistic functional, which are depicted in 
Figure 3.3. We can see that the lower conduction bands of these double perovskites are 
predominantly contributed by the interaction of p orbitals between Sb or Bi with halogen anions. 
The Na s orbital is found at the CBM of these compounds, and the charge density shows a 
decrease tendency in order of X = Cl, Br and I. For higher conduction bands, the Cs s orbital 
becomes dominant. On the other hand, the upper valence bands are dominated by p orbitals of 
halogen anions with a small contribution from the s orbital of Sb or Bi. Although the Na is 
important to the formation of the double perovskite crystal, the Na s orbital is not involved in the 
composition of the upper valence bands. For comparison, the Ag d orbital composes upper 
valence bands by means of the hybridization with the Bi 6s and I 5p orbitals in Cs2AgBiX6 (X = 
Cl and Br), and the hybridization of the Ag 5s orbital with p orbitals of Bi and X elements forms 
the lower conduction bands of Cs2AgBiX6 (X = Cl and Br). 
The charge density at the band edges was calculated for the Cs2NaBiI6 based on the GGA 
method including the SOC effects. The isosurface plots of the charge density are presented in 
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Figure 3.4. The shapes of the wave functions evidenced that the VBM at Г is primarily 
contributed from the I 5p orbital. For the CBM, the energy bands at both Г and R consist of the 
mixture of p orbitals of Bi with I, indicating the significant relativistic effects in these double 
perovskites. 
 
 
Figure 3.4. Fully relativistic charge density isosurfaces for Cs2NaBiI6. (a) VBM at the Г point; (b) 
CBM at the Г point; and (c) CBM at the X point. 
 
For a solar cell, the open–circuit voltage (VOC), maximum short–circuit current density 
(JSC), and theoretical limiting PCE (η) can be estimated according to the bandgap of the absorber 
material. The VOC of a light absorber with a definite Eg can be computed as [94]: 
lossgOC EEqV −=      (3–1) 
where q denotes the unit charge and Eloss represents the loss–in–potential. The JSC can be 
calculated based on the following equation [95]: 
∫
∞
⋅=
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where Is denotes the incident spectral photon flux density, which can be obtained from the NREL 
Web site. Then, the η can be estimated based on the VOC and JSC with the following equation [96]: 
S
OCSC
P
VJFF ⋅⋅
=η
     (3–3) 
where FF stands for the fill factor and Ps is the total incident power density. 
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Given the estimated bandgaps of these double perovskites, we can predict the open–
circuit voltage, maximum short–circuit current, and the theoretical limiting PCE. For the 
calculation of the open–circuit voltage, two suggested speculative value of 0.5 eV was employed 
as the loss–in–potential Eloss [96]. The value of FF in this work was adopted with 80% from 
previous studies [95]. It is not surprising that the iodide double perovskites exhibit the best PCE 
(16.96% for Cs2NaSbI6 and 16.3% for Cs2NaBiI6). For the chloride compounds, although the 
open–circuit voltage was predicted to be the largest, the maximum short–circuit current 
significantly reduced, leading to the worst PCE among these materials. The predicted PCE with 
Vloss = 0.7 eV is smaller than that with Vloss = 0.5 eV, suggesting that reducing the loss–in–
potential is a possible method to further enhance the power conversion efficiency. 
The photocarriers effective masses (m*e and m*h) can be calculated on basis of the 
parabolic approximation of the band dispersion at the CBM and VBM according to the following 
relation [9]: 
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where E(k) represents the eigenvalue and k is the wavevector. The estimated photocarriers 
effective masses (m*e at R and m*h at M points) are listed in Table 3.2. The photocarriers 
effective masses of these double perovskites show a decreasing trend in order of X = Cl, Br and I, 
similar to the tendency of their bandgaps. These results indicated that substitution of Cl by Br or 
I is beneficial for not only the reduction of bandgap but also the enhancement of photocarriers 
mobility. The electrons effective masses were estimated to be small for all these compounds, 
indicating that the photon–generated electrons have high mobility in these bismuth or antimony 
double perovskites. Furthermore, we note that holes effective masses are relatively larger than 
that of electrons due to the flat valence bands dispersions, suggesting the inferior mobility of 
holes. In addition, the photocarriers effective masses of these iodide perovskites (Cs2NaSbI6 and 
Cs2NaBiI6) were predicted to be slightly larger than that of Cs2AgSbI6 (m*e = 0.16 and m*h = 
0.11) and Cs2AgBiI6 (m*e = 0.19 and m*h = 0.13), but smaller than that in BiI3 (m*e = 0.55 and 
m*h = 1.67) [87,97]. 
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Table 3.2. Calculated photocarriers effective mass for Cs2NaBX6 (B = Sb, Bi; X = Cl, Br, I). 
 
direct Eg (eV) effective mass (m*/m0) 
at M point at R point m*h m*e 
Cs2NaSbCl6 3.63 3.23 1.62 0.56 
Cs2NaSbBr6 3.19 2.68 1.09 0.39 
Cs2NaSbI6 2.72 2.15 0.68 0.27 
Cs2NaBiCl6 4.29 3.92 1.87 0.58 
Cs2NaBiBr6 3.80 3.32 1.29 0.41 
Cs2NaBiI6 3.23 2.67 0.58a 0.28 
a For comparison with other compounds, the hole effective mass for Cs2NaBiI6 was calculated at 
the W point given the very close energy values between Г and M points. 
 
The visible light absorption spectrum plays an essential role in the application of solar 
energy conversion for the absorber materials. The optical absorption property for a 
semiconductor can be evaluated by calculating the frequency dependent complex dielectric 
function ε(ω) = εr(ω) + i·εi(ω). For evaluating the optical absorption property of these materials, 
the optical absorption coefficient α(ω) was calculated based on the dielectric function as stated in 
chapter 2. To save the computational effort, the norm–conserving scalar relativistic 
pseudopotentials were used for the optical absorption calculation. We can clearly see from the 
Figure 3.5 that the absorption coefficients of these double perovskites show the consistent 
tendency with the calculated electronic bandgaps. The iodide double perovskites were calculated 
to have the smaller electronic bandgaps and predicted to possess the superior visible light 
harvesting capacity. The Cs2NaSbI6 exhibits the best absorption ability among these double 
perovskites with a wavelength threshold of ~600 nm. Moreover, the Cs2NaBiI6 is able to absorb 
the visible light with the wavelength threshold over 500 nm. However, the rest compounds 
especially for the chloride double perovskites have the inferior visible light harvesting capacity 
due to the relatively large bandgaps. 
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Figure 3.5. Optical absorption coefficient spectrum of Cs2NaBX6 (B = Sb, Bi; X = Cl, Br, I) 
calculated by the scalar relativistic GGA functional. 
 
3.4 Conclusions 
In this chapter, the electronic properties of double halide perovskites Cs2NaBX6 (B = Sb, Bi; X = 
Cl, Br, I) were investigated by using the first–principles calculation with focus on the potential 
optoelectronic application. The GGA results revealed that all these double perovskites are 
indirect bandgap semiconductors, similar to the silver/bismuth double halide perovskites. The 
antimony based double perovskites have smaller bandgaps than the corresponding bismuth 
compounds. The relativistic effects were found to be significant to the conduction bands of these 
materials. Given that the double perovskites Cs2NaBiCl6 and Cs2AgBiX6 (X = Cl, Br) have been 
fabricated successively, it is anticipated to study the Na+/Bi3+ (or Na+/Sb3+) double halide 
perovskites in the application of solar energy conversion.  
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Chapter 4. First–principles study of electronic and optical 
properties of double perovskites Sr2BMoO6 (B = Mg, Ca, Zn) 
 
4.1 Introduction 
Apart from the Pb toxicity, instability under the humidity and ultraviolet irradiation is the other 
important issue for organometal halide perovskites  [19]. Some researchers proposed to employ 
TM oxide perovskites as the absorber of PSCs, which usually exhibit the great stability [98,99]. 
However, TM oxide perovskites, such as strontium titanate, usually have large bandgaps, 
limiting the visible–light harvesting capability. In order to enhance the PV performances, the 
bandgap of TM oxide perovskites should be tuned to satisfy the requirement of visible–light 
absorption. The SrMoO3 is a common perovskite oxide, which is stable and ecofriendly. 
However, the SrMoO3 shows the metallic feature for the electronic structure, which cannot be 
used as the visible light absorber. The B–site substitution is a feasible method to modify the 
electronic properties of perovskites. Moreover, the B–site double perovskites have been widely 
used in the applications of fuel cells and photocracking [6,100]. In this chapter, double 
perovskites Sr2BMoO6 (B = Mg, Ca, and Zn) were calculated by the first–principle method to 
tune their electronic and optical properties for the potential PV applications. The calculated 
results demonstrated that by through the B–site substitution, the Mo–based double perovskites 
exhibited electronic bandgaps at the GGA level. These results suggest that the B–site substitution 
could be a feasible approach to design the novel stable TM oxide perovskite absorbers. 
 
4.2 Computational details 
The Quantum ESPRESSO simulation package was employed for the DFT calculations in this 
chapters [91,92]. The GGA functional was used to describe the exchange–correlation effects [93]. 
The norm–conserving pseudopotentials were adopted for electron–ion interactions with valence 
configurations of Sr 5s2, Mo 4d45s2, Mg 3s2, Ca 4s2, Zn 3d104s2, and O 2s22p4. The plane wave 
cutoff was set to 60 Ry for the Mg– and Ca–doped perovskites and 70 Ry for the Zn–doped 
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double perovskites. A 4 × 4 × 3 k–mesh was used in the Brillouin zone for self–consistent 
calculations [101]. In order to describe the strong on–site Coulomb interactions between 
localized d orbital electrons, the GGA+U correction was used in this chapter. The Coulomb 
potential values (UZn = 10 eV and UO = 7 eV) were extracted from a reference [102]. 
 
 
 
Figure 4.1. Schematic diagram of 20–atom supercell of Sr2BMoO6 (B = Mg, Ca, and Zn). 
 
 
4.3 Results and Discussion 
4.3.1 Structural properties of Sr2BMoO6 (B = Mg, Ca, and Zn) 
The different B–site configurations were firstly tested to determine the most stable structure. The 
rock–salt structure was found to have the minimum energy, which is depicted in Figure 4.1. The 
lattice parameters of these double perovskite Sr2BMoO6 (B = Mg, Ca, and Zn) were optimized at 
the GGA level, which are listed in Table 4.1. We can see that the optimized lattice parameters 
are consistent well with the experimental results [103]. These results indicated that the GGA 
method is adequate to study the electronic and optical properties of these double perovskites. 
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Table 4.1. Optimized lattice parameters and bond–length of Sr2BMoO6 (B = Mg, Ca, and Zn). 
 
Lattice constants (Å) 
dMo–O (Å) dB–O (Å) 
Cal. Expt.a 
Sr2MgMoO6 
a=b=5.571 
c=7.888 
a=b=5.570 
c=7.924 
1.914 2.025 
Sr2CaMoO6 
a=5.866 
b=5.877 
c=8.303 
a=5.762 
b=5.844 
c=8.184 
1.922 2.231 
Sr2ZnMoO6 
a=b=5.655 
c=8.006 
a=b=5.583 
c=7.979 
1.922 2.077 
aReference [103] 
 
4.3.2 Electronic properties of Sr2BMoO6 (B = Mg, Ca, and Zn) 
The electronic properties can be studied from the calculated band structures of these double 
perovskites. The single perovskite SrMoO3 has been reported to be nonmagnetic [10]. For the 
double perovskites, the crystals retain the nonmagnetic configuration, but exhibit electronic 
bandgaps near the Fermi energy level. The predicted band structures along the high–symmetry k 
points in the Brillouin zone are displayed in Figure 4.2. The Mg–doped and Ca–doped double 
perovskites were calculated to show the similar band structures. This similarity is expected as a 
result of the same valent electron configuration of Mg and Ca. The Sr2MgMoO6 and Sr2CaMoO6 
have direct bandgaps at the Г point, with the gap values of 1.929 and 2.078 eV, respectively. 
Moreover, the CBM and VBM for the Zn–doped double perovskite were predicted at R and Г 
points, respectively. The GGA estimated an indirect bandgap of 1.992 eV for Sr2ZnMoO6. 
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Figure 4.2. The GGA calculated band structures for (a) Sr2MgMoO6, (b) Sr2CaMoO6, and (c) 
Sr2ZnMoO6. 
 
The total and partial DOS were calculated for these double perovskites, which are 
displayed in Figure 4.3. For these double perovskites, the lower conduction bands are mainly 
composed of the interaction between Mo 4d with O 2p orbitals, while upper valence bands 
primarily consist of O 2p orbitals. It is worth noting for Sr2ZnMoO6 that the Zn 3d orbital has 
small contribution to the upper valence bands. This hybridization between Zn 3d and O 2p 
orbitals has also been reported in other theoretical studies of zinc oxides, which is probably the 
reason of the indirect bandgap. These DOS results revealed that the substituted alkaline metals 
Mg and Ca do not directly influence the upper valence and lower conduction bands. However, 
Mg and Ca could affect the lattice parameters and B–site cation distributions, which finally 
results into the transition from metal to semiconductor. On the other hand, the Zn 3d orbital 
electrons are directly involved in the upper valent bands, leading to the indirect bandgap. These 
results suggest that the d orbital electrons of TM cations could be an essential function in the 
electronic band structures of double perovskites. 
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Figure 4.3. The GGA calculated partial DOS for (a) Sr2MgMoO6, (b) Sr2CaMoO6, and (c) 
Sr2ZnMoO6. 
 
The pure DFT method is not adequate to predict correctly the electronic band structures 
of TM oxides as a result of the strong intra–atomic interaction of localized d–orbital electrons. 
The calculated bandgap for Sr2ZnMoO6 was also underestimated compared with the 
experimental result [8]. To include these effects, the Coulomb potential correction method was 
used to calculate the electronic structure. As the 4d electrons of Mo are not localized, the 
Coulomb potential correction on Mo 4d electrons would not affect the electronic and magnetic 
properties. The GGA+U electronic structure of Sr2ZnMoO6 is shown in Figure 4.4. We can see 
that the GGA+U approach significantly modified the bandgap of Sr2ZnMoO6 compared with the 
GGA results. The gap value was calculated to be 2.89 eV by the GGA+U method, which is well 
agreement with the measurement. 
 
 
Figure 4.4. The GGA+U calculated electronic structure of Sr2ZnMoO6. 
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The charge density at the VBM and CBM for Sr2MgMoO6 and Sr2ZnMoO6 were 
calculated by GGA+U method. The isosurface plots of the charge density are presented in Figure 
4.5. The shapes of the wave functions evidenced that the VBM of Sr2MgMoO6 is primarily 
contributed by the O 2p orbital, and the CBM is composed of the Mo 4d orbital with a small 
contribution from the O 2p orbital. For the Sr2ZnMoO6, the CBM shows the similar 
configuration, while we can easily find the Zn 3d orbital in addition to the O 2p orbital at the 
VBM. 
 
 
Figure 4.5. Calculated charge density for (a) Sr2MgMoO6 and (b) Sr2ZnMoO6. 
 
4.3.3 Optical properties of Sr2BMoO6 (B = Mg, Ca, and Zn) 
The dielectric functions of Sr2BMoO6 (B = Mg, Ca and Zn) were calculated in the energy range 
from 0 eV to 20 eV, which are plotted in Figure 4.6. These curves were calculated as direct 
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results of the GGA ground states. We can see that the Sr2MgMoO6 and Sr2CaMoO6 show the 
similar dielectric functions due to the similar electronic structures. Given the underestimation of 
electronic bandgap by GGA method, these dielectric functions were expected to shift toward the 
low energies along the energy axis. 
 
 
Figure 4.6. (Left) Real part and (Right) imaginary part of the dielectric function calculated for 
the double perovskites Sr2BMoO6 (B = Mg, Ca, and Zn). 
 
The calculated absorption coefficients for these double perovskites Sr2BMoO6 (B = Mg, 
Ca, and Zn) are plotted in Figure 4.7. The Zn–doped double perovskite was predicted to have a 
red–shift for the absorption spectrum compared with that of Mg– and Ca–doped double 
perovskites. This red–shift can be attributed to the electron transitions from the valance bands to 
the conduction bands. The absorption intensity in the wavelength range from 400 nm to 600 nm 
is affected by the transitions from the upper valence bands to lower conduction bands. For the 
Sr2MgMoO6 and Sr2CaMoO6, the upper valence bands consist only of the O 2p orbital, 
indicating that the transition is mainly from the O 2p orbital to Mo 4d orbital. In case of 
Sr2ZnMoO6, this transition is from the Zn 3d and O 2p orbitals at the upper valence bands to the 
Mo 4d orbital at the lower conduction bands. Due to the orbital hybridization between Zn with O, 
this transition would be more intense at the upper valence bands compared with those of 
Sr2MgMoO6 and Sr2CaMoO6. These results suggest that the TM substitution on the B–sites 
would be beneficial to the optical absorption of perovskites. 
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Figure 4.7. Calculated absorption coefficients of these double perovskites Sr2BMoO6 (B = Mg, 
Ca, and Zn). 
 
4.4 Conclusions 
In this chapter, first–principle calculations were employed to study the electronic and optical 
properties of the double oxide perovskites Sr2BMoO6 (B = Mg, Ca, and Zn). The calculated 
results demonstrated that the lower conduction bands of these double perovskites are composed 
primarily of the hybridization between Mo 4d with O 2p orbitals, whereas upper valence bands 
consist mainly of the O 2p orbital. For the Sr2ZnMoO6, the hybridization between Zn 3d and O 
2p orbitals plays an important role in the upper valence bands. The dielectric function and 
absorption coefficient were also calculated for these double perovskites. These results indicated 
that substitution of the B–site elements is a feasible method to tune the electronic properties of 
perovskites to meet the requirement of visible light absorption. 
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Chapter 5. Ab initio analysis of oxygen vacancy formation 
and migration in Sr2BMoO6 (B = Mg, Cr, Co and Ni) 
 
5.1 Introduction 
Apart from the solar energy conversion, TM oxide perovskites have also received much attention 
in the field of electrochemistry due to the excellent ionic conductivity and stability at high 
temperature. TM oxide perovskites, in particular to the mixed ionic and electronic conductors, 
have been widely studied as the electrode materials of SOFCs [105]. The strontium molybdate 
perovskite has been reported to have the excellent electronic conductivity [106]. The double 
perovskite Sr2MgMoO6 has been employed as a potential anode material of SOFCs, which 
exhibits resistance to poisoning by sulfur impurity [107]. First–row TM elements usually exhibit 
great catalytic ability due to the open–shell 3d orbital electrons. Therefore, substitution of B–site 
elements by TM elements could improve the electronic and electrochemical performance of 
perovskite materials [108,109]. For example, the SFMO can be used as both anode and cathode 
of SOFCs [27]. Due to the multivalent nature of Mo5+/Mo6+ and Fe3+/Fe4+, the SFMO has 
excellent electronic and ionic conductivity [27,105,110,111]. Moreover, other TM elements 
(such as Cr, Co and Ni) have also been reported to improve the electrochemical performance of 
perovskite materials [90–99]. However, the enhancement of ionic conductivity is still the main 
challenge for these MIEC perovskites research. 
The formation energy and migration barrier of oxygen vacancies are two critical factors 
of the ionic conductivity of perovskites. A comprehensive theoretical investigation of the oxygen 
defect properties in perovskites is necessary to improve the MIEC performance. To the best of 
our knowledge, the oxygen–deficient features of B–site–ordered double perovskites Sr2BMoO6 
(B = Mg, Cr, Co and Ni) are still not available from the first–principles calculations perspective. 
In this chapter, the quantum analysis of the oxygen vacancy formation and oxygen migration in 
these double perovskites were performed by using DFT with Coulomb potential for 3d orbital 
electrons of Cr, Co and Ni. These calculated results provide theoretical support for these double 
perovskites in the application of SOFCs electrodes. 
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5.2 Computational details 
The Quantum ESPRESSO software package was employed for the DFT calculation with the 
spin–polarized PAW approach [92]. The GGA functional was employed to describe exchange 
correlation effects [93]. The PAW pseudopotentials were used in this chapter. The valence 
configurations were considered from Sr (4s2, 4p6 and 5s2), O (2s2 and 2p4), Mo (4s2, 4p6, 5s2 and 
4d4), Mg (2s2, 2p6, and 3s2), Cr (4s1 and 3d5), Co (4s2 and 3d7), and Ni (4s2 and 3d8). The energy 
cutoff of 40 Ry was adopted for the expansion of the wave functions. A 4 x 4 x 4 Monkhorst–
Pack k–mesh grid was used for sampling the Brillouin zone [101]. 
As the DFT method suffers from the inherent self–interaction error of 3d electrons [121], 
a simplified Coulomb potential parameter (U–J) was used for the ground state calculation of 
these double oxide perovskites [67]. The value of 4 eV was used for Co 3d orbital electrons, and 
3 eV was considered for Cr and Ni [122]. For Mo 4d orbital electrons, the effect of Coulomb 
potential on the electronic properties was found to be negligible in these double perovskites. 
Therefore, the Coulomb potential correction was not employed for Mo 4d orbital electrons in this 
study.  
In consideration of the high working temperature of SOFCs, the cubic phase (space group 
Fm3m) of these double perovskites was used to study the oxygen vacancy formation and 
migration [39,113,115,120]. Because the different valence states and ionic radii, the B–site Mo 
and substituted elements (Mg, Cr, Co and Ni) are expected to be long–range ordered. Therefore, 
the rock–salt structure was employed to construct the 40–atom supercells, which are displayed in 
Figure 5.1.  
For the oxygen vacancy in perovskites, the formation energy can be calculated from the 
ground state energies [124]: 
Eform(VO••) = Edefective – Eperfect + (½) E(O2)   (5–1) 
where E(O2) is referenced to the energy of an oxygen molecule in its triplet ground state. The 
Bader charge approach was employed to analysis the electronic density in the oxygen–deficient 
structures [125]. For the migration barrier Ebarrier, the migration energy can be calculated 
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according to the vacancy hopping mechanism. The CINEB method was employed to optimize 
the minimum energy pathway of the oxygen ions migration. Five images were linearly 
interpolated between initial and final states, and the force was set to converge within 0.5 eV/ Å. 
The spring force was used to ensure finding the lowest energy states.  
 
 
 
Figure 5.1. The schematic diagram of rock–salt structures for B–site double perovskites 
Sr2BMoO6 (B = Mg, Co and Ni). 
 
 
5.3 Results and discussion 
5.3.1 Electronic properties of defect–free Sr2BMoO6 (B = Mg, Cr, Co and Ni)  
The lattice parameters of these double perovskites were fully optimized by the spin–polarized 
GGA+U method, which are listed in Table 5.1. We can see that the lattice constants were slightly 
underestimated for all these compounds at the GGA+U level. This underestimation can be 
ascribed to that the lattice parameters employed in this study were extracted from the high–
temperature phase structures. At the high–temperature, these double perovskites have an obvious 
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thermal expansion compared with the room–temperature phase. Therefore, the optimized lattice 
constants were underestimated by GGA+U method. Nevertheless, the estimated errors are within 
one per cent for all these compounds, indicating that the GGA+U method is suitable for 
computing the ground states of these double perovskites.  
Moreover, we note three tendencies from the optimized lattice parameters: (i) the bond–
lengths between Mo and O are very close in all these materials; (ii) the bond–lengths between 
substituted elements with oxygens were found to be longer than that of Mo–O; (iii) the bond of 
Co and O along the z–axis direction were predicted to be longer than that of x–y plane direction, 
which can be attributed to the high–spin state of Co2+ (3d74s0) mixed with Mo 4d  and O 2p 
orbital electrons. For the Sr2CrMoO6, the optimized lattice constants are also consistent well with 
the experimental values. The predicted error is 0.29% for the lattice constant. Due to the different 
valence states, the optimized bond–lengths in Sr2CrMoO6 have different features with that of 
Sr2BMoO6 (B = Mg, Co and Ni). The bond–lengths of Mo–O and Cr–O are also nearly equal 
because of the similar ionic radii of Cr3+ and Mo5+ cations. 
 
Table 5.1. Optimized lattice parameters for Sr2BMoO6 (B = Mg, Cr, Co and Ni) 
[39,113,115,120]. 
Properties (Å) 
Sr2MgMoO6 Sr2CrMoO6 Sr2CoMoO6 Sr2NiMoO6 
Expt. Cal. Expt. Cal. Expt. Cal. Expt. Cal. 
a 7.925 7.861 7.827 7.805 7.927 7.897 7.902 7.887 
b 7.925 7.861 7.828 7.805 7.927 7.897 7.902 7.887 
c 7.925 7.861 7.828 7.805 7.927 8.031 7.902 7.887 
rxy(B–O) 2.056 2.019 1.956 1.957 2.045 2.031 2.027 2.028 
rz(B–O) 2.056 2.019 1.956 1.957 2.045 2.101 2.027 2.028 
rxy(Mo–O) 1.907 1.912 1.946 1.957 1.918 1.918 1.925 1.915 
rz(Mo–O) 1.907 1.912 1.946 1.957 1.918 1.914 1.925 1.915 
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The projected DOS of these double perovskite oxides were calculated by GGA method 
with on–site Coulomb potential correction, which are displayed in Figure 5.2. We note from 
previous theoretical calculations that the electronic bands of SrMoO3 is composed of the 
hybridization of Mo t2g with O 2p orbitals at the Fermi energy level, indicating the metallic 
characteristic. For the defect–free structures of these double perovskites Sr2BMoO6 (B = Mg, Co 
and Ni), the GGA+U results revealed that all these double perovskites exhibit electronic 
bandgaps, which are corresponding to the measured semiconductor features. For the Mg/Mo 
double perovskite, the B–site Mo lost all electrons on the t2g orbital and be oxidized to Mo6+ 
(4d05s0). The emptied d orbital of Mo cations resulted the Sr2MgMoO6 into the diamagnetic 
configuration. The DOS results demonstrated that the O 2p orbital forms the upper valence bands, 
and the Mo eg with O 2p orbitals together compose the lower conduction bands. The charge 
density (as displayed in Figure 5.3) revealed the ionic bond of Mg–O and the weak covalent 
hybridization between the Mo 4d and O 2p orbitals. 
 
 
Figure 5.2. The projected DOS calculated by GGA+U method for the defect–free structures of 
Sr2BMoO6 (B = Mg, Co and Ni). 
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For the case of Sr2CoMoO6, the anti–ferromagnetic (AFM) configuration was calculated 
to be the most stable phase at the GGA+U level, which is agreement with the previous 
investigation [114]. We can see that the upper valence bands are composed of the interaction of 
Co eg with O 2p orbital. For the valence bands far from the Fermi energy level, the electronic 
bands are composed of the lower Co t2g and O 2p orbitals. These results indicated that the Mo in 
the Sr2CoMoO6 is taking the valence configuration of 4d05s0. On the other hand, the Mo eg and 
O 2p orbitals compose the lower conduction bands of Sr2CoMoO6, which is similar to that of 
Sr2MgMoO6. For the Sr2NiMoO6, the GGA+U method predicted an analogous electronic 
structure with that of Sr2CoMoO6. The AFM arrangement is the most stable state for the 
Sr2NiMoO6. The magnetic moment of Ni2+ (3d8) is expected to be smaller than that of Co2+ (3d7) 
due to different electron configurations of the t2g orbital. These electronic configurations reflect 
different charge distributions, which are shown in Figure 5.3(b) and 5.3(c). We can note that the 
upper valence bands of Sr2NiMoO6 are composed predominantly of the Ni eg and O 2p orbitals. 
The lower conduction bands are made of the hybridization between the Mo eg with O 2p orbitals. 
However, the Ni eg orbital was predicted to form the lower conduction bands, which is slightly 
different from that of Sr2MgMoO6 and Sr2CoMoO6. 
 
 
Figure 5.3. Charge density for (a) Sr2MgMoO6, (b) Sr2CaMoO6, and (c) Sr2NiMoO6 calculated at 
the GGA+U level. 
 
The electronic properties of Sr2CrMoO6 are shown in Figure 5.4. We can find that the 
Sr2CrMoO6 exhibits the half–metallic electronic structure. For the spin–up state, the calculated 
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electronic structure exhibits a bandgap near the Fermi energy level. The Cr t2g with O 2p orbitals 
form the upper valence bands, and the Mo eg orbital is the main component of lower conduction 
bands. For the spin–down state, the upper valence bands are composed predominantly of the O 
2p orbital, while the lower conduction bands are mainly composed of the hybridization between 
Cr t2g, Mo t2g and O 2p orbitals, which crosses through the Fermi energy level. We can conclude 
that this hybridized orbital in the spin–down channel finally contributes to the electronic 
conductivity of Sr2CrMoO6. The calculated electronic results of Sr2CrMoO6 is analogous to that 
of the SFMO, which also shows the half–metallic electronic structure. For these two double 
perovskites, the substituted elements Cr and Fe are both +3 oxidization state. The difference of 
their electronic structures is that the Fe3+ cation in the SFMO has a more significant contribution 
to the hybridized orbital near the EF in the spin–down state than that of the doped Cr3+ cation in 
the Sr2CrMoO6. The spin–up electronic structure shows that the Cr 3d electrons are taking the 
valence configuration of 3t2g3eg04s0 in the Sr2CrMoO6. The band structure crossed the Fermi 
energy level in spin–down channel indicated that the spin alignment of the Mo 4d electrons is 
antiparallel to that of Cr 3d electrons.  
 
 
Figure 5.4. (a) DOS and (b) contour plot of charge density for Sr2CrMoO6 with spin–polarized 
GGA+U approach (UCr = 3 eV). 
 
The charge density of Sr2CrMoO6 is illustrated in Figure 5.4(b). We can see that the Cr 
cations exhibit the highest electron density in the Sr2CrMoO6 supercell. The charge density 
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revealed that the bonds between Cr and O are different from that of Mo and O, suggesting the 
different ionic interactions in these MoO6 and CrO6 octahedrons. As the charge density between 
Cr and O is separated, this suggests that the ionic interaction is by means of the electron transfer 
between Cr with O. Therefore, B–site Cr cation and oxygen ions are bonded by the strong ionic 
bond in the CrO6 octahedrons. This strong ionic interaction implies the high formation energy 
and migration barrier of oxygen vacancies coordinated to the Cr cations in Sr2CrMoO6. In 
addition, the conjoint charge density between Mo and O indicated that the ionic interaction of 
Mo and O is not pure ionic bond in the MoO6 octahedron. This can be ascribed to the delocalized 
4d orbital elections of Mo, which can itinerate in the perovskite lattice. This weak covalent 
chemical bond of Mo and O is beneficial to the MIEC property, which is similar to that of the 
SFMO. 
 
5.3.2 Oxygen vacancy formation in Sr2BMoO6 (B = Mg, Cr, Co and Ni) 
According to the vacancy–hopping mechanism, the oxygen ion migration in perovskites can be 
divided into two steps. One is the formation of oxygen vacancy, and the other is the vacancy 
hopping. Therefore, the vacancies concentration plays an important role in the oxygen ions 
conductivity in perovskite materials. The oxygen vacancies concentration can be evaluated from 
the formation energy of the oxygen vacancy. The lower the formation energy indicates the high 
concentration of oxygen vacancy in perovskites. In order to calculate the formation energy of 
oxygen vacancy, we need to construct the oxygen–deficient supercells for these double 
perovskites. In this work, the oxygen–deficient structure was constructed by removing one 
neutral oxygen atom from the 40–atom stoichiometric supercell, resulting into an oxygen–
deficient structure of Sr2BMoO5.75 (B = Mg, Cr, Co and Ni). Due to the small crystal, these 
supercells represent a high concentration for oxygen vacancies. Actually, increasing the supercell 
size could reduce the concentration of oxygen vacancy. But it will concomitantly increase the 
computational cost. Previous literatures have demonstrated that the 40–atom supercell is 
economical and adequate to study the oxygen vacancies properties in perovskites materials. As 
mentioned above, the B–site cations are alternatively ordered in these double perovskites owing 
to the significant variances of the ionic radii and valence states. Thus, only the vacancy type Mo–
VO••–B (B = Mg, Co and Ni) was considered in this study.  
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Figure 5.5. The projected DOS calculated by the GGA+U method for the oxygen–deficient 
supercell of Sr2BMoO5.75 (B = Mg, Co and Ni). 
 
The experiments have revealed the MIEC characteristic of these double perovskites with 
oxygen–deficient structures. Thus, the oxygen–deficient supercells are expected to possess 
metallic electronic structures for these double perovskite materials. The electronic structures of 
oxygen–defective supercells were calculated with GGA+U method to elucidate the effect of 
oxygen vacancies, which are displayed in Figure 5.5. In oxygen–deficient Sr2MgMoO5.75, the Mg 
ions are still +2 valence states, suggesting that the oxygen vacancy (Mo–VO••–Mg) only 
influence the Mo electronic configuration. The DOS results revealed that O 2p orbital electrons 
dominate upper valence bands of the defect–free Sr2MgMoO6, and Mo eg with O 2p orbitals 
together compose lower conduction bands. These features are preserved in the electronic 
structure of deficient supercells of all these double perovskites. In consideration of the oxygen 
vacancy, the conduction bands crossed through the Fermi energy level, resulting in the electronic 
conductivity for the oxygen–deficient double perovskite Sr2MgMoO5.75. In case of Sr2CoMoO5.75, 
the Fermi level was predicted to shift into the conduction bands. The same feature can be 
observed in the electronic structure of Sr2NiMoO5.75. We can conclude that the oxygen vacancies 
affect the Fermi energy level in these double perovskites, which allows Mo eg and O 2p orbital 
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electrons to cross the Fermi energy levels. These results demonstrated electronic conductivity in 
these oxygen–deficient supercells of these double perovskites Sr2BMoO5.75 (B = Mg, Co and Ni). 
The formation energy of oxygen vacancies for Sr2BMoO6 (B = Mg, Co and Ni) were 
calculated by GGA+U method, which are listed in Table 5.2. The Eform(Mo–VO••–Mg) at the 
GGA+U level is calculated to be 4.85 eV, which is significantly higher than that in 
Sr2CoMoO5.75 and Sr2NiMoO5.75. Previous DOS results demonstrated that the Mg2+ cations form 
relative stable ionic bonds with oxygen ions. The oxygen vacancy between Mo and Mg needs 
more active energy to break the Mg–O chemical bond. For the Sr2CoMoO5.75, the GGA+U 
calculated Eform(Mo–VO••–Co) is 2.89 eV. This value is comparable to other single Co–based 
perovskites [121]. Even though the Sr2NiMoO6 has similar electronic property with the 
Sr2CoMoO6, the calculated Eform(Mo–VO••–Ni) achieved to 3.7 eV, indicating the lower 
concentration of oxygen vacancies in Sr2NiMoO6.  
We should note that the formation energies of oxygen vacancies in these Mo–based 
double perovskites are calculated to be higher than that of perovskite oxides, such as 
LaSrCoFeO6 (LSCF) and BaSrCoFeO6 (BSCF) [28,61,124]. For LSCF or BSCF, the unequal 
valence states of the cations are beneficial to the oxygen vacancy formation [62,128]. Moreover, 
the large Ba ions usually lead to the lattice expansion, which further reduce the redox energetics. 
However, the Mo–based double perovskites are used as the anode, while the LSCF and BSCF 
are known as the cathode of SOFCs. The anode materials require not only high oxygen ions 
conductivity but also the high stability. 
 
Table 5.2. Oxygen vacancy formation energy, magnetic moments µ and Bader charges q in 
Sr2BMoO6 (B = Mg, Co and Ni). 
 Sr2MgMoO6  Sr2CoMoO6  Sr2NiMoO6 
 stoichiometric deficient  stoichiometric deficient  stoichiometric deficient 
Eform (eV) – 4.85  – 2.89  – 3.70 
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µB (µB) 0.00 0.00  2.57 1.82  1.63 1.00 
µMo (µB) 0.00 0.15  0.01 0.09  0.01 0.07 
qB 1.70 1.66  1.49 1.06  1.38 0.89 
qMo 2.35 2.40  2.31 1.27  2.30 1.86 
qSr 1.52 1.58  1.60 1.60  1.53 1.60 
qO –1.26 –1.30  –1.22 –1.23  –1.20 –1.23 
 
 
The electronic structures of the oxygen–deficient supercells demonstrate that the 
formation of oxygen vacancies will lead to the reorganization of the electronic configuration of 
B–site cations. The magnetic moment µ is an important factor to study the reorganization of the 
outer shell electrons, which is presented in Table 5.2. For the oxygen–deficient Sr2MgMoO5.75, 
the small magnetic moment observed on the Mo cation indicates that the 4d orbital of Mo has 
been partial occupied by electrons released from the oxygen vacancy. For the oxygen–deficient 
structure of Sr2CoMoO5.75, the magnetic moment µCo shows a significant reduction to 1.82 µB 
from the 2.57 µB of the defect–free supercells. For the case of Sr2CoMoO6, the B–site Co cations 
are predicted to be the high spin state with the magnetic moment of 2.57 µB, indicating the 
electronic configuration of t2g5eg2. In the oxygen–deficient supercell, electrons released from the 
oxygen vacancy reorganized onto the Co t2g orbital, and hence lead to the reduction of magnetic 
moment µCo. The magnetic moment of µNi was also studied at the GGA+U level, which shows a 
similar change in the oxygen–deficient supercell. The Ni2+ cations have the small magnetic 
moment of 1.00 µB compared with the 1.63 µB in the oxygen–deficient supercell. In 
consideration of the electronic configuration of Ni2+, the reduction of µNi can also be attributed to 
the released electrons from the oxygen vacancy.  
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The Bader charge was investigated to analyze the electron distribution in the oxygen–
deficient supercells. We can see that the calculated Bader charge for Sr (qSr) has not change 
before and after removing a neutral oxygen. This result indicates that the A–site cation shows the 
relative stable electronic state in perovskites. In the oxygen–deficient structure, the oxygen 
vacancy lead to the increase of the qMo and the decrease of the qO, suggesting the ionic 
characteristic of this crystal. Due to the delocalization characteristic of the Mo 4d orbital 
electrons, the released electrons are able to travel easily in the perovskite crystal. In oxygen–
deficient supercells of Sr2CoMoO5.75 and Sr2NiMoO5.75, oxygen vacancies lead to an obvious 
change for the Bader charge values of B–site Co and Ni. This reduction of Bader charge reveals 
that the released electrons reorganized onto the adjacent Co or Ni 3d orbitals, corresponding with 
the magnetic moment change of Co and Ni.  
The charge density difference is depicted in Figure 5.6, which intuitively shows the 
electrons reorganization after an oxygen vacancy formation in these double perovskite materials. 
We can see that in the Sr2CoMoO5.75 crystal, the electrons released from the oxygen vacancy 
mainly localize onto the Co 3d orbital. By contrast, in Sr2MgMoO5.75 and Sr2NiMoO5.75, the 
significant amount of electron density is calculated to localize on the adjacent Mo 4d orbital. 
These different behaviors can be rationalized to the local electronic structures of Mg, Co and Ni. 
The Mg2+ (3s0) and Ni2+ (t2g6eg2) are more stable than Co2+ (t2g5eg2). The unfilled Co t2g orbital 
could accommodate the released elections, which leads to the different oxygen vacancy 
behaviors. 
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Figure 5.6. Charge density difference (∆ρ = ρdeficient + ρO – ρperfiect) for the oxygen–deficient 
structures of Sr2BMoO5.75 (B = Mg, Co and Ni) calculated with the GGA+U approach. Contour 
plots on the (001) plane intersecting the vacant oxygen site. 
 
As the B–site Cr3+ and Mo5+ cations have the very close ionic radii, it is reasonable to 
take account of the anti–site defects (ADs) in Sr2CrMoO6. The formation energy of oxygen 
vacancy in the Sr2CrMoO6 supercell was calculated with 25% Cr/Mo ADs. The various oxygen 
vacancies (Cr–VO ̈–Mo, Cr–VO ̈–Cr, Mo–VO ̈–Mo) were constructed in Sr2CrMoO6 supercells, 
which are displayed in Figure 5.7. The atomic positions of the oxygen–deficient Sr2CrMoO6 
were relaxed based on the lattice parameters of the defect–free double perovskite supercell. 
The calculated Bader charge and formation energy in Sr2CrMoO6 supercell are listed in 
Table 5.3. We can see that the variance of qCr is more significant than that of the qMo upon the 
oxygen vacancy formation. The calculated charge density difference also shows this feature, 
which is depicted in Figure 5.8. The electrons released from the oxygen vacancy changes the 
electronic configuration of the adjacent Cr 3d orbitals, suggesting the strong ionic bond between 
Cr and O. As stated previously, the Mo 4d orbital electrons are able to travel over the whole 
crystal through the hybridized orbitals. The average charge density of the Sr2CrMoO6 supercell 
will increase upon the formation of oxygen vacancy, which is corresponding to the high 
52	
	
formation energy for the oxygen–deficient Sr2CrMoO6. The oxygen vacancy Eform(Cr–VO ̈–Mo) 
in the Sr2CrMoO6 is calculated to be 4.13 eV at the GGA+U level.  
 
 
Figure 5.7 Different oxygen vacancy types in (a) ADs–free and (b) 25% Cr/Mo ADs Sr2CrMoO6. 
 
 
Table 5.3. Bader charge q and oxygen vacancy Eform in ADs–free and 25% ADs Sr2CrMoO6 
Calculated by GGA+U method.a 
 
ADs free 
 
25% ADs 
without VO ̈ Cr–VO ̈–Mo without VO ̈ Cr–VO ̈–Mo Cr–VO ̈–Cr Mo–VO ̈–Mo 
qCr 1.78 1.20 
 
1.78 1.19 1.21 1.66 
qMo 2.08 2.03 2.08 1.93 1.93 1.93 
Eform (eV) – 4.13 – 4.21 3.37 4.54 
a Bader charge values refer to the Cr and Mo cations which are bound to the oxygen vacancy. 
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Figure 5.8. (a) Charge density difference (Δρ = ρdefecient + ρO – ρperfect) and (b) contour plot for Cr–
VO ̈–Mo in the B–site–ordered Sr2CrMoO6. 
 
For the oxygen vacancy formation in the ADs Sr2CrMoO6, the defect–free supercell was 
firstly relaxed with 25% Cr/Mo ADs by the GGA+U approach. The experimental result revealed 
an ADs concentration of 35% in the Sr2CrMoO6. The calculated energy for the ADs–containing 
Sr2CrMoO6 was found to be 0.104 eV per formula unit higher than that of the ADs–free 
Sr2CrMoO6. This energy difference is smaller than that in SFMO supercells (0.21 and 0.16 
eV/f.u. for ferromagnetic and AFM arrangements respectively). In addition, the GGA+U results 
reveal that the valence states of Cr and Mo cations in the ADs–containing supercells are the same 
to those in the ADs–free supercells. Therefore, the calculated Bader charges are not surprising to 
be nearly equal to that in the ADs Sr2CrMoO6. The oxygen vacancy properties between two Cr 
and Mo cations are predicted to be similar with that in the ADs–free Sr2CrMoO6. The electrons 
released from the oxygen vacancy are mainly reorganized onto the d orbitals of neighboring Cr 
and Mo cations. The Bader charge results reveal that these electrons are mainly reorganized to 
the adjacent Cr cations due to the lower energy level of the Cr 3d orbital. The formation energy 
of Cr–VO ̈–Mo in the ADs Sr2CrMoO6 is calculated to be 4.21 eV, which is close to the value of 
4.13 eV in the ordered Sr2CrMoO6. The electron distribution of Cr–VO ̈–Cr is different from that 
of Cr–VO ̈–Mo. The bond strength of Cr–O–Cr is calculated to be relatively weak compared with 
other bonds containing the Mo5+ cation (e.g., Cr–O–Mo or Mo–O–Mo). The formation energy of 
Cr–VO ̈–Cr is calculated to be the lowest one. As the Mo cations have intrinsic electrons on the 4d 
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t2g orbital, the electrons released from the oxygen vacancy are affected by the Coulomb repulsion 
from the intrinsic electrons. This interaction increases the total energy of the oxygen–deficient 
supercells, leading to the high formation energy of the oxygen vacancy.  
Given the same valence state of substituted Fe and Cr, the oxygen vacancy properties are 
predicted to be analogous for Sr2CrMoO6 and SFMO. The formation energy of oxygen vacancy 
in SFMO is reported to be 3.94 eV, which is slightly smaller than that in the Sr2CrMoO6 [110]. 
The Bader charge for Fe cation is calculated to be 1.65, which is lower than that of Cr cation. 
This lower charge of Fe indicates the higher covalency of the Fe–O bond, which can be the 
reason of the lower formation energy of oxygen vacancy. The formation energies of different 
vacancy types are predicted to follow the order of Cr–VO ̈–Cr, Cr–VO ̈–Mo, Mo–VO ̈–Mo. As a 
result of the same valence state of the Fe and Cr in these double perovskites, this trend is the 
same to that of Fe–VO ̈–Fe < Fe–VO ̈–Mo < Mo–VO ̈–Mo in the ADs SFMO. 
 
5.3.3 Oxygen migration barriers in Sr2BMoO6 (B = Mg, Cr, Co and Ni) 
In perovskites, the migration barrier is primarily determined by the interaction of the adjacent B–
site cations with oxygen anions. Due to the weak covalent bond between Mo and O, the 
migration barrier in the MoO6 octahedron is apparently lower than that in the BO6 octahedron (B 
= Mg, Cr, Co and Ni). We carefully optimized the minimum energy pathways of oxygen ions 
migration by the CINEB method. The calculated energy profiles for these oxygen migration in 
Sr2BMoO6 (B = Mg, Co and Ni) are presented in Figure 5.9. The energy barriers calculated by 
the GGA+U approach are 1.29 eV, 1.20 eV and 1.47 eV for Sr2MgMoO6, Sr2CoMoO6 and 
Sr2NiMoO6 respectively. The lowest energy barrier is predicted in Sr2CoMoO5.75, indicating the 
highest oxygen ions conductivity. 
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Figure 5.9. The migration energy barriers for oxygen ions migration in (a) Sr2MgMoO6, (b) 
Sr2CaMoO6 and Sr2ZnMoO6, and (d) Magnetic moments of Co and Ni. 
 
To further investigate the migration barrier, the magnetic moments of adjacent Co and Ni 
are also calculated during the oxygen ions migration. The calculated magnetic moment µCo 
indicates that Co cations at both the initial and final states are taking the low spin state, which are 
in accordance with that of the oxygen–deficient Sr2CoMoO5.75. During the transition states, Co 
cations increase to the high spin state, and remained nearly constant during the intermediate 
states. This suggests that Mo–O bond is broken between the first two migration states, and 
accompanied by the electron transfer from Co t2g to O 2p orbitals. For the intermediate states of 
Sr2NiMoO5.75, the magnetic moment of Ni changes continuously, and achieves to the maximum 
value at the middle image. This reveals the strong electron transfer in the migration midpoint, 
which can be the reason for the high migration energy barrier in Sr2NiMoO5.75. Combined with 
the calculated formation energy of oxygen vacancy, the Sr2CoMoO6 could be the most potential 
candidate for the electrode material of SOFCs among these three double perovskites. 
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The calculated energy profiles for Sr2CrMoO6 are displayed in Figure 5.10. The 
migration energy barrier around the Cr sublattice is predicted to be 1.86 eV as shown in Figure 
5.10(a). This is a rather large barrier for oxygen migration compared with other common MIEC 
perovskites (e.g., LaFeO3, LaCoO3, and BSCF) [124,129,130]. In addition, we note a rather low 
migration barrier (~0.39 eV) for oxygen migration around the Mo cation in Sr2CrMoO6. 
Although the migration barrier around the Mo sublattice is very low, it is impossible for oxygen 
ions to transport long–range merely around Mo sublattices in the defect–free rock–salt 
Sr2CrMoO6.  
The magnetic moments of the adjacent Cr and Mo cations were calculated by using the 
GGA+U method to explore this bonding alteration, as depicted in Figure 5.10(c) and (d). The µCr 
in the Sr2CrMoO6 is calculated to be 2.55 µB for the initial and final states, and achieves the 
maximum value of 2.65 µB at the intermediate state of the migration pathway, which is different 
from the result of single perovskite such as LaFeO3. In the LaFeO3 lattice, the Fe cation that the 
oxygen migration is around remains the nearly constant magnetic moment throughout the whole 
migration process. But in the double perovskite Sr2CrMoO6, the magnetic moment of the axial 
Cr cation increases as well during the oxygen migration, indicating that additional electrons have 
been reorganized onto the Cr eg orbital through the hybridized orbital of TM–O.  
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Figure 5.10. Calculated energy profiles for the oxygen migration around the (a) Cr and (b) Mo 
sublattices. Magnetic moments for the adjacent (c) Cr and (d) Mo. (e) B–site Cr and Mo cations 
distribution in Sr2CrMoO6. 
 
Moreover, the magnetic moment of adjacent Mo cations were also studied, which are 
surrounded by the migrating oxygen as shown in Figure 5.10(e). The magnetic moments of Mo 
cations exhibit an abrupt switch at the initial and final states respectively. These results can be 
used to study the breaking and formation of Mo–O bond. In addition to Mo cations on the ab 
plane, the c–direction Mo has also an obvious change of magnetic moment. This demonstrates 
that the c–direction Mo cation also plays a critical role in the electrons transfer. Given that the Cr 
3d electrons are localized, the 3d t2g electrons of Cr would be incompetent to bond solely with 
the migration oxygen. Therefore, the d orbital electrons of Cr and Mo cations influence the total 
ground state energy during the oxygen migration process, leading to the high migration barrier in 
the double perovskite Sr2CrMoO6.  
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In consideration of the anti–site defects, the oxygen ion migration pathways were also 
optimized in ADs Sr2CrMoO6 at the GGA+U level. The calculated energy profiles are presented 
in Figure 5.11. The long–range oxygen transport is practicable by merely along the edge of the 
Mo sublattice in the ADs–containing Sr2CrMoO6. The migration barrier in the ADs Sr2CrMoO6 
is calculated to be 1.64 eV along the direction from Cr–O–Mo to Mo–O–Mo. For the opposite 
direction, the migration barrier is calculated to be a lower value of 1.23 eV. This asymmetry of 
migration barrier values can be ascribed to the different formation energy of these two vacancy 
types. We can conclude that although the energy barrier is still relatively high in the ADs–
containing Sr2CrMoO6, the high concentration of B–site Cr/Mo ADs in the Sr2CrMoO6 is 
constructive to reduce the formation energy and migration barrier of oxygen vacancy to enhance 
the oxygen ionic conductivity. 
 
 
Figure 5.11. Calculated energy profiles for oxygen migrations in the Sr2CrMoO6 with 25% 
Cr/Mo ADs. 
  
5.4 Conclusions 
In this chapter, the double oxide perovskites Sr2BMoO6 (B = Mg, Cr, Co and Ni) were 
investigated by using DFT method plus Coulomb potential correction, with the focus on the 
application of SOFCs electrode. The formation energy and migration energy barrier of oxygen 
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vacancy were calculated to evaluate their MIEC performances. The calculated electronic 
structures demonstrated that the defect–free supercells of these double perovskites show 
semiconductive behaviors, which are coincided with the experimental results. For the oxygen–
deficient supercells, the B–site TM cations reorganized the electrons that are released from the 
oxygen vacancy, which eventually increases the electronic conductivity by virtue of the 
delocalization of the Mo d orbital electrons. The calculated results provide quantum insights into 
the oxygen vacancy formation and migration in these double perovskites, which can be useful 
guide for the design of MIEC electrodes of SOFCs.  
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Chapter 6. Oxygen vacancy formation and migration in 
Sr2TixFe2–xO6 (x = 0.5, 1 and 1.5): a GGA+U study 
 
6.1 Introduction 
The strontium ferrite SrFeO3−δ has been demonstrated to be great MIEC material [131,132]. 
However, the strontium ferrite would undergo a phase transition around 850 °C from a 
disordered perovskite phase (space group Pm3m) to an ordered brownmillerite phase (Sr2Fe2O5, 
space group Icmm), which restrains the potential application in the SOFCs device. Partial 
substitution of A– or B–site elements is a feasible strategy to improve the stability and electronic 
property. The different B–site cations usually exhibit various oxidation states, which is beneficial 
to improve the electrocatalysis capacity and oxygen vacancies concentration. The substitution of 
partial Fe by other TM elements (e.g., Ti, Co, Mo) could stabilize the perovskite phase and 
enhance the ORR catalysis capacity [133,134]. Tuller et al. investigated the cations segregation 
and oxygen exchange at the surface of Sr2Ti1.5Fe0.5O6−δ, and demonstrated that the oxygen 
exchange rate is largely determined by the minority carriers–electrons density [135–137]. 
However, the bulk oxygen vacancy formation and transport mechanism, to the best of our 
knowledge, are still not available for these double oxide perovskites. Motivated by this, the 
electronic and oxygen deficient properties of Sr2TixFe2–xO6−δ (x = 0.5, 1, 1.5) were studied by 
using first–principles calculation based on the DFT. The electronic structures were calculated to 
analyze their electronic properties, and the formation energy and migration barrier of oxygen 
vacancies were calculated to elucidate their oxygen ions conductivity. These results provide 
theoretical supports for the IT–SOFCs electrode application of these Co–free perovskites. 
 
6.2 Computational details 
The Quantum ESPRESSO package was employed for all DFT calculations based on the 
spin–polarized PAW approach [91]. The scalar relativistic PAW pseudopotentials were 
employed to describe the election–ion interaction with the valence configurations: Sr (4s2, 
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4p6 and 5s2), Ti (3s2, 3p6, 3d2 and 4s2), Fe (3d6 and 4s2), and O (2s2 and 2p4). The 
wavefunctions were expanded in the plane wave basis with a kinetic energy cutoff of 40 
Ry. A 4 x 4 x 4 Monkhorst–Pack k–mesh grid method was used for sampling the 
Brillouin zone [101]. In order to minimize the inherent self–interaction error, the 
simplified Dudarev potential Ueff (5.8 and 4.0 eV) was utilized for the 3d orbital electrons 
of Ti and Fe [66,67,111,138]. The 40–atom supercells were used to model these oxide 
perovskites, which are depicted in Figure 6.1.  
 
 
Figure 6.1. Schematic diagrams of (a) rock–salt Sr2TiFeO6, (b) diagonal and plane configuration 
taking the Sr2Ti1.5Fe0.5O6 as an example. 
 
 
The oxygen vacancy formation energy can be calculated from the energies of the 
defect–free and oxygen–deficient structures according to the simple approximation 
[124,139]: 
Eform(VO) = Edeficient – Eperfect + (½) [Δh + E(O2)]    (6–1) 
where E(O2) is the energy of a free oxygen molecule in its triplet ground state. Given the 
overestimation of the binding energy of oxygen molecule, the Lee et al. method was used to 
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correct the GGA calculated oxygen energy in the present study. The migration energy barriers 
were calculated in terms of the energy profiles of the oxygen vacancy migration process. The 
MEP of the oxygen ions migration was optimized by the CINEB method [54,55]. The spring 
force was adopted along the migration path during the MEP optimization to ensure finding the 
lowest energy path. The force during the MEP optimization was converged to 0.5 eV/Å. 
 
Table 6.1. GGA+U optimized lattice parameters for Sr2TixFe2–xO6 (x = 0.5, 1, 1.5). 
 a (Å) 
GGA Experiment 
Sr2Ti0.5Fe1.5O6 3.8773 (diagonal) 
3.8757 (plane) 
3.8896a 
Sr2TiFeO6 3.8974 
 
3.9060a 
3.8925b 
Sr2Ti1.5Fe0.5O6 3.9109 (diagonal) 
3.9117 (plane) 
3.9122a 
a Reference [140] 
b Reference [141] 
 
 
6.3 Results and discussion 
6.3.1 Structural and electronic properties of Sr2TixFe2–xO6 (x = 0.5, 1, 1.5) 
The lattice parameters of Sr2TixFe2–xO6 (x = 0.5, 1, 1.5) were firstly optimized by using 
the GGA+U method, which are listed in Table 6.1. Previous studies revealed that these 
perovskite oxides have been observed to the same cubic symmetry with the Pm3m space 
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group of the SrTiO3 phase [140]. We can see from Table 6.1 that the lattice constants 
optimized by the GGA+U method are well accordance with the experimental results. The 
lattice constant increases with the concentration of Ti, as a result of the larger ionic radius 
of Ti4+. In addition, the different B–site cation configurations (e.g., diagonal and plane 
minority cations) have no significantly influence on the lattice constant. For the 
Sr2Ti0.5Fe1.5O6, the diagonal–Ti structure is larger than the plane–Ti crystal. But for the 
Sr2Ti1.5Fe0.5O6, the diagonal–Fe structure is the smaller one. However, the difference of 
the lattice constant is less than 0.05% for the different configurations. 
The defect–free SrFeO3 was found to exhibit the ferromagnetic phase [142]. For 
the Sr2Ti0.5Fe1.5O6, we found that the ferromagnetic phase is still the most favorable 
magnetic configuration. The projected DOS for Sr2TixFe2–xO6−δ (x = 0.5, 1, 1.5) were 
calculated by the GGA+U method, which are presented in Figure 6.2. We can see that the 
major contribution at the Fermi level originates from the interaction between the Fe 3d 
with O 2p orbitals in the spin–up state. In the spin–down channel, the upper valence 
bands are composed of the O 2p orbital, and the lower conduction bands are mainly from 
the Fe 3d orbital. The influence of the Ti 3d orbital on the electronic property can be 
negligible near the Fermi level. Considering the crystal field effect, the Fe 3d orbital split 
into eg and t2g levels. In the case of the defect–free SrFeO3, previous study revealed that 
the electronic bands at the Fermi level originate from the Fe 3d eg and O 2p orbitals [142]. 
Likely, for the Sr2Ti0.5Fe1.5O6, the Fe 3d eg orbital crosses the Fermi level in the spin–up 
channel, and the Fe 3d t2g orbitals forms the conduction band bottom in the spin–down 
channel. When the B–site Ti content is increasing to 50%, the AFM configuration 
becomes the most favorable phase. For Sr2TiFeO6 and Sr2Ti1.5Fe0.5O6, the VBM is 
composed predominately of the O 2p orbital, and the CBM is composed of the Fe eg and 
O 2p orbitals, similar to the result of the Sr2Ti0.5Fe1.5O6. From the calculated electronic 
structures we can conclude that the electronic conductivity of these perovskites is 
predominately attributed to the hybridization between Fe 3d eg with O 2p orbitals, which 
will reduce with the increase of the Ti concentration.  
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Figure 6.2. Calculated projected DOS for (a) Sr2Ti0.5Fe1.5O6, (b) Sr2TiFeO6, and (c) 
Sr2Ti1.5Fe0.5O6 by using the GGA+U method. The Fermi energy was set to zero. 
 
 
Figure 6.3 displays the charge density contour plots for the B–O layers of the defect–free 
supercells of Sr2TixFe2–xO6−δ (x = 0.5, 1, 1.5). We can see that the bonds of Ti–O reveal the 
obvious covalent characteristic. Previous study of SFMO indicated the analogous bond feature 
that the bonds in TM oxide perovskites are not purely ionic. Moreover, the Bader charges were 
calculated to be 1.65e and 2.22e for Fe and Mo, which are much lower than their valence states 
(3–δ)+ and (5+δ)+ [110]. In the case of defect–free Sr2TixFe2–xO6−δ (x = 0.5, 1, 1.5), the 
calculated Bader charges are around 2.25e and 2.00e for Ti and Fe, indicating the covalency of 
Ti–O and Fe–O bonds in these perovskite. The effective charges of Fe in Sr2TixFe2–xO6−δ (x = 0.5, 
1, 1.5) are higher than that of SFMO, demonstrating that the Fe cations show more ionic 
characteristic in these perovskites Sr2TixFe2–xO6−δ (x = 0.5, 1, 1.5). Moreover, the higher 
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effective charges suggest the higher valence state of Fe cations in Sr2TixFe2–xO6−δ (x = 0.5, 1, 
1.5), corresponding to the lower valence state of Ti compared to Mo. 
 
 
Figure 6.3. GGA+U predicted charge density for (a) Sr2Ti0.5Fe1.5O6, (b) Sr2TiFeO6, and 
(c) Sr2Ti1.5Fe0.5O6. 
 
 
6.3.2 Oxygen vacancy formation energy in Sr2TixFe2–xO6 (x = 0.5, 1, 1.5) 
The oxygen vacancy formation and migration properties were simulated with the oxygen–
deficient supercells. Removal of one neutral oxygen atom from the parental 40–atom supercells 
constructs the oxygen–deficient Sr2TixFe2–xO6−δ supercells with δ = 0.25. The formation energy 
of oxygen vacancy were calculated according to different oxygen vacant sites (i.e., Fe–VO••–Fe, 
Fe–VO••–Ti, Ti–VO••–Ti), which are listed in Table 6.2. It is a well–known fact that the oxygen 
molecule is overbound in the DFT calculation. In order to diminish this overbinding error, a rigid 
correction (0.68 eV/O) was used for the vacancy formation energy calculation at the GGA+U 
level [129,132,143]. For the case of Sr2Fe1.5Ti0.5O5.75, it is obvious that the oxygen vacancy 
formation energy related to the Ti on the B–site is larger than that between two Fe cations. 
Moreover, the formation energy of oxygen vacancy in the diagonal–Ti supercell was predicted to 
be smaller than that in the plane–Ti structure. The smallest Eform in the Sr2Fe1.5Ti0.5O5.75 was 
predicted to be 0.08 eV for the oxygen vacancy type of Fe–VO••–Fe in the plane–Ti structure. 
The formation energy of oxygen vacancy in Sr2FeTiO5.75 was computed to be 0.15 eV for the 
unique vacancy type of Fe–VO••–Ti. The oxygen vacancies neighboring to Fe in the Sr2FeTiO5.75 
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have different formation energies of 0.48 eV and 0.47 eV in diagonal– and plane–Fe structures, 
respectively. The formation energies of Ti–VO••–Ti were found to be 1.02 eV (diagonal–Fe 
supercell) and 1.09 eV (plane–Fe supercell), respectively. The formation energies of oxygen 
vacancy in these perovskites Sr2TixFe2–xO6−δ (x = 0.5, 1, 1.5) were predicted to be much lower 
than those of other MIEC perovskites, e.g., 1.08 eV of LaCoO3 [121] and 1.34 eV of 
Ba0.5Sr0.5Co0.75Fe0.25O3–δ [62]. However, these results are more comparable to that in the SrFeO3, 
which was found to be 0.23 eV for the AFM configuration. These results indicated the high 
concentration of oxygen vacancy in these perovskite materials. 
 
Table 6.2. GGA+U calculated oxygen vacancy formation energies for the different 
vacancy configurations in Sr2TixFe2–xO6−δ (x = 0.5, 1, 1.5). 
 Sr2Ti0.5Fe1.5O6−δ Sr2TiFeO6−δ Sr2Ti1.5Fe0.5O6−δ 
diagonal plane diagonal plane 
Fe–VO••–Fe 0.21 0.08 – – – 
Fe–VO••–Ti 0.31 0.27 0.15 0.48 0.47 
Ti–VO••–Ti – – – 1.02 1.09 
 
 
The formation energy of oxygen vacancy in perovskites are determined by the 
electronic property of the B–site cations. In these perovskites, the Ti cations are +4 
valence state with the stable electronic configuration of 4s03d0. The Fe is also taking the 
+4 valence state instead of the most common +3 state. Removal of one neutral oxygen 
atom will release two electrons behind in these perovskite lattices. Therefore, it is 
expected that the Fe cations adjacent to the oxygen vacant sites are more likely to trap the 
leftover electrons, leading to the reduction of their valence states. Such behavior can be 
demonstrated by the electron density difference (Δρ) as shown in Figure 6.4. The charge 
density difference is given by Δρ = ρdefecient + ρO – ρperfect, where ρdefecient, ρO and ρperfect are 
the charge density of the deficient supercell, a single oxygen atom on the vacant site and 
the defect–free supercell, respectively. 
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Figure 6.4. Charge density differences calculated by the GGA+U functional. (a) 
Sr2Ti0.5Fe1.5O6 with the vacancy type of Fe–VO••–Fe; (b) Sr2TiFeO5.75 with the vacancy 
type of Fe–VO••–Ti; (c) Sr2Ti1.5Fe0.5O6 with the vacancy type of Ti–VO••–Ti. 
 
 
The charge density differences demonstrated the charge distribution in perovskite 
lattices. In particular, the additional electrons were mainly accumulated to the 
neighboring Fe cations. From the shape of the electron density of Sr2Ti0.5Fe1.5O6, we can 
see that the additional electrons released from the oxygen vacancy (Fe–VO••–Fe) 
predominantly reorganized onto the 𝑑!!!!!! orbital of Fe cations, owing to the localization 
characteristic of Fe 3d orbital electrons. For the Sr2TiFeO6, the additional electrons 
transferred onto both 3d orbitals of Fe and Ti cations. The reorganized electrons on Fe 
cations were localized onto its 𝑑!!!!!! orbital, while these reorganized electrons on Ti 
cations partially itinerated to the 𝑑!!!!! orbital of next–nearest neighboring Fe cations by 
through the weak covalent bonds as depicted in Figure 6.3. For the case of Ti–VO••–Ti in 
Sr2Ti1.5Fe0.5O6, the inherent characteristic of additional electrons is more obvious. Apart 
from accumulating onto the adjacent Ti 3d orbitals, most of rest electrons transferred onto 
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the 𝑑!!!!! orbitals of the Fe cations that are nonadjacent to the oxygen vacancy. The 
delocalization largely reorganize these electrons onto 3d orbitals of Fe cations to reduce 
the uncommonly high valence state, which finally lower the formation energy of oxygen 
vacancy in these perovskite materials. 
 
6.3.3 Oxygen migration energy barrier in Sr2TixFe2–xO6−δ (x = 0.5, 1, 1.5) 
The migration energy profiles were computed by modeling the oxygen ions migration in 
the perovskite lattices, and the migration barriers are listed in Table 6.3. We can see that 
the migration barrier of oxygen migration around the Fe octahedron was calculated to be 
0.78 eV in the diagonal–Ti structure of Sr2Fe1.5Ti0.5O5.75, which is very close to the value 
of LaFeO3 (0.79 eV) [139]. For the oxygen migration at the Fe–O–Fe layer of the plane–
Ti in Sr2Fe1.5Ti0.5O5.75, the migration barrier is a lower value of 0.67 eV. For the case of 
Sr2FeTiO5.75, the energy barriers were calculated to be 0.62 and 0.36 eV for the oxygen 
ions migration around Fe and Ti octahedrons, respectively. In consideration of the 
alternative arrangement of B–site elements Fe and Ti, the oxygen ions are not able to 
migrate long–range which are just around one type of the B–site element. Therefore, the 
energy barrier should be the higher value of 0.62 eV in Sr2FeTiO5.75. The migration 
energy barrier in Sr2Fe0.5Ti1.5O5.75 was calculated to be highest one among these 
perovskite oxides with the different concentration of Fe and Ti, similar to the formation 
energy of oxygen vacancy as stated previously.  
It is worth noting that oxygen migrations around Ti ions on the Fe/Ti alternative 
layer show quite low energy barriers (e.g., 0.38 eV in Sr2Fe1.5Ti0.5O5.75, 0.36 eV in 
Sr2FeTiO5.75, and 0.34 eV in Sr2Fe0.5Ti1.5O5.75). This can be studied by taking the 
Sr2FeTiO5.75 as an example (as shown in Figure 6.5). The magnetic moments of Fe 
cations reveal the charge transfer process during the oxygen ions migrations. For the 
migration path 1 (around the Fe cation), the FeA octahedron provides both initial and final 
sites for the oxygen migration, and the FeB octahedron is not directly coordinated to the 
migrating oxygen. However, the FeB cation also shows a variation tendency of the 
magnetic moment similar to the FeA cation during this migration. As the leftover electrons 
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from the oxygen vacancy mainly reorganize onto the adjacent Fe cation, the magnetic 
moment of FeA is smaller than that of FeB.  
 
 
Table 6.3. Calculated oxygen vacancy migration energy barriers for these double 
perovskite Sr2TixFe2–xO6−δ (x = 0.5, 1, 1.5). 
 Sr2Ti0.5Fe1.5O6 Sr2TiFeO6 Sr2Ti1.5Fe0.5O6 
diagonal plane diagonal plane 
Fe octahedron 0.78 0.78 
0.67 
0.62 0.84 0.95 
Ti octahedron 0.70 0.38 0.36 0.86 0.34 
0.70 
 
 
During the oxygen migration, the breakage of Ti–O bond arises the electron 
transfer, leading to the fluctuation of magnetic moments of Fe cations. For the path 2, the 
variations of magnetic moments of FeA and FeB cations reveal that the electrons 
transferred with the oxygen from the initial to final sites. We can also observe the subtle 
distinction of electron transfer processes from the magnetic structure. For the path 1, the 
obvious change of the magnetic moments is found between initial with second images (or 
the final and penultimate images), indicating that the electron transfer happens at the Ti–
O bond breakage process. While for the path 2 the significant variation of magnetic 
moment appears in the intermediate states, suggesting the electron transfer during the 
oxygen migration process. The different electron transfer features are caused by the 
different metal oxygen bonds in these perovskites, resulting into the different oxygen 
migration barriers. 
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Figure 6.5. (a) Two different directions projected onto the (001) plane for the oxygen 
migration in Sr2TiFeO6. (b) The calculated energy profile at the GGA+U level. The 
computed magnetic moments of two Fe cations for oxygen migrations along the (c) path 1 
and (d) path 2. 
 
 
6.4 Conclusions 
In this chapter, the TM oxide perovskites Sr2TixFe2–xO6−δ (x = 0.5, 1, 1.5) were studied by using 
the first–principles calculation, with the focus on the oxygen vacancy formation and migration. 
The GGA+U calculated results revealed that these double perovskites have low formation energy 
of oxygen vacancy, indicating the high vacancy concentration in these perovskite materials. The 
electrons released from the oxygen vacancy trend to reorganize onto 3d orbitals of Fe cations. 
Given the electronic configuration and valence state of Fe cations, removal of the oxygen 
coordinated to the Fe cations will need lower vacancy formation energy. The low formation 
energy indicates the high concentration of oxygen vacancy in these perovskite materials. The 
71	
	
oxygen ions migration was computed for these double perovskites based on the vacancy–
hopping mechanism. The migration barrier in Fe/Ti alternative ordered layer was found to be 
low because the electron transfer is mainly through the weak covalent Ti–O bond, which 
compensates the high valence state of Fe cations. These results provide theoretical understanding 
of the mixed ionic and electronic conductivity for these Fe/Ti double perovskites, which can be 
useful guide for the design of SOFCs electrode materials. 
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Chapter 7. General conclusion and future prospect 
 
This thesis presents the theoretical studies on a series of double perovskites by using the first–
principles method based on the density functional theory. These theoretical results provide 
quantum insight into the electronic structure, optical properties, and mixed ionic and electronic 
conductivity, which can be useful guide for the design of stable, ecofriendly and high–
performance perovskite materials in the application of solar cells and solid oxide fuel cells. 
In chapter 3, the electronic and optical properties of the double halide perovskites 
Cs2NaBX6 (B = Sb, Bi; X = Cl, Br, I) are studied to evaluate the potential application of solar 
energy conversion. The calculated results revealed that the inorganic double iodide perovskites, 
Cs2NaSbI6 and Cs2NaBiI6, have suitable bandgaps of 1.65 eV and 1.68 eV, suggesting the 
potential application as the visible–light absorber of perovskite solar cells.  
In chapter 4, the electronic and optical properties of Mo–based double oxide perovskites 
Sr2BMoO6 (B = Mg, Ca, and Zn) are studied by first–principles calculations. The electronic band 
structures demonstrate that these double perovskites are semiconductor. The alkaline metals (Mg 
and Ca) doped double perovskites have direct bandgaps, while the Zn–doped double perovskite 
exhibits the indirect bandgap. B–site substation significantly influence the electronic and optical 
properties of perovskites, which can be a useful approach to design novel absorbers of perovskite 
solar cells. 
In chapter 5, the Mo–based double oxide perovskites Sr2BMoO6 (B = Mg, Cr, Co and Ni) 
are studied with the primary focus on the mixed ionic and electronic conductivity. The effects of 
substituted elements on the vacancy formation and migration are analyzed from the calculated 
ground states energy. Co–substituted double perovskite is predicted to possess the best oxygen 
ionic conductivity among these Mo–based double perovskites. According to the calculated 
charge density, the substituted cations (e.g., Mg2+, Cr3+, Co2+, and Ni2+) accommodate the 
additional electrons released from oxygen vacancy, which plays an important role in the oxygen 
ionic conductivity in these double oxide perovskites. 
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In chapter 6, the theoretical investigation of transition metal oxide perovskites Sr2TixFe2–
xO6−δ (x = 0.5, 1, 1.5) are investigated by first–principles calculations. The calculated formation 
energy of oxygen vacancy demonstrates the high concentration of oxygen vacancy. The electrons 
released from the oxygen vacancy tend to reorganize onto the 3d orbital of Fe cations through the 
weak covalent Fe–O and Ti–O bonds. Given the electronic configuration of Fe cations, this 
itineracy of leftover electrons facilitates to the oxygen ions conductivity in these perovskites. 
These results reveal the influence of Fe–O and Ti–O bonds on the oxygen vacancy formation and 
migration in these perovskites, which provide theoretical information for exploring new 
electrode materials of solid oxide fuel cells. 
In consideration of the complexity of devices, there are too many factors that affect the 
final performance. For the future study, the relevant experiments for these perovskites are needed 
to be conducted to evaluate the potential application of solar cells and fuel cells. Moreover, 
several correction simulation methods, such as the hybrid functional and the GW approximation, 
are also necessary to be used for the prediction of bandgaps of lead–free perovskites. In addition, 
the theoretical study of the excited carrier lifetime, including the electron–phonon interaction, is 
also a significant topic for the investigation of lead–free absorber materials. For the SOFCs, the 
reaction energy of hydrogen oxidization (related to OER) and oxygen absorption (related to ORR) 
is worth to be theoretically simulated on the surface of electrodes. Combined with the ions 
diffusion properties in the bulk of electrodes, these theoretical calculations can provide a 
comprehensive theoretical guide for the investigation of SOFCs electrode materials. The 
theoretical simulation will effectively facilitate the development of novel materials in the 
application of the renewable energy.   
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